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ABSTRACT
Acidification has led to changes in the chemistry of fresh waters and has impacted
the survival of Atlantic Salmon (Salmo salar), an endangered anadromous fish
species. Liming, which has been implemented to restore freshwater ecosystems,
has been demonstrated to restore a suitable pH for Atlantic Salmon, however, it
remained unknown to what extent liming can restore the underlying behavioural
traits and migration behaviour of smolts. We captured 116 smolts from two
freshwater river treatments in Nova Scotia, Canada: acidified Little River (n=17)
and lime-treated West River (n=99). We performed stream-side behavioural assays
and discerned five behavioural metrics: (1) Activity and Food Motivation, (2)
Willingness to Explore, (3) Shelter Use, (4) Anti-predator Response, and (5)
Foraging Flexibility. Activity and Food Motivation differed significantly between
treatments, whereby smolts from West River were less active and food-motivated,
which we suggest is an adaptive trait given the risk this behaviour would pose in
the daytime. We implanted acoustic transmitters in a subset of smolts (Little River,
n=17; West River, n=54), and found that residency times, reversal behaviours, and
survival did not differ between treatments. Smolts with high Activity and Food
Motivation had marginally extended residency in the inner estuary, potentially
increasing conspicuousness and energetic expenditure. Survival declined to
0.79/km within this habitat, underscoring the importance of this habitat for
conservation measures. Liming may be a useful conservation method for restoring
behavioural types of migrating Atlantic Salmon and should continue to be
implemented and its long-term effects investigated further.
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CHAPTER 1
General Introduction

Anthropogenic sources of freshwater acidification: air- and water-borne
pollution
Anthropogenic pollution has caused major increases in toxic substances in the
environment in recent decades (Camargo & Alonso, 2006). Air-borne pollution
such as sulfur dioxide and nitrogen oxides are major by-products emitted from the
combustion of fossil fuels (Schmalensee et al., 1998; Brychkova et al., 2007).
When SO2 accumulates in precipitation and falls to the earth’s surface, it reacts
with water to form strong reactive sulfite ions which affects many cellular
processes in plants and animals (Schmalensee et al., 1998; Brychkova et al., 2007).
Similarly, when NO in the atmosphere reacts in freshwater systems (via
precipitation or snowmelt), it forms HNO3 that further reacts with ammonium
(NH4+), altering ionic equilibrium in fresh waters (Houghton et al., 1995;
Kampschreur et al., 2008; Camargo & Alonso, 2006). The sulfuric and nitric acids
that collect in freshwater streams and rivers also lower the pH of the environment.
In addition to air-borne toxins, the presence of heavy metals further
threatens fresh waters. Heavy metals such as aluminum, which naturally occur in
the sediment and nearby soil of many rivers, become more reactive under acidic
conditions (Chiarenzelli et al., 2012). The solubility and toxicity of aluminum, for
example, significantly increases in waters with pH below 6 (Parkhurst et al., 1989).
Positively charged aluminum compounds are the most toxic forms of aluminum
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(termed labile aluminum) because of its ability to bind to negatively-charged
reactive exchange sites on organs such as fish gills, effectively ‘clogging’ sites that
would otherwise be available to bind cations such as calcium or magnesium which
are important to physiological functioning (Exley et al., 1991; Kroglund et al.,
2007). Although labile aluminum toxicity may be reduced when these negativelycharged molecules form complex compounds with dissolved organic matter found
within streams, sufficient toxic labile aluminum can remain to threaten the health
of many aquatic organisms, particularly at low pH. The introduction of aluminum
to already acidified freshwaters (Lacroix, 1985; Kroglund et al., 2007; Malik et al.,
2009) or when natural levels of aluminum are very high (Sterling et al., 2020) can
raise labile aluminum levels beyond the threshold thought to impact aquatic
organisms.

Anadromous freshwater fish are physiologically and developmentally
vulnerable to acidification
Freshwater acidification and associated effects, such as labile aluminum, impact
the physiology of freshwater fish, mainly via altering ion regulation, blood plasma
and circulation (Monette & McCormick, 2008; Neff et al., 2009; Nilsen et al.,
2010; Regish et al., 2018). For fish, the sodium-potassium ion pump (NKA) is
located on the gill and is a major component of ion regulation. NKA is an ATPdependent ion pump which functions to regulate ion movement by pumping
sodium ions out and potassium ions into the cell (McCormick et al., 2013). NKA is
effective in removing ions from the gill in environments with high salt
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concentrations, playing an important role in the smoltification of fish (McCormick
et al., 2013). Smoltification is a critical life stage transformation and is an
endocrine-driven process that includes changes in physiology and behaviour to
prepare juveniles living in freshwater habitat for the ocean (McCormick et al.,
2009). NKA is transcriptionally upregulated during the smoltification stage, which
regulates ionic balance in the cells of gills at a greater rate (McCormick et al.,
2009). NKA is dependent on a hydrogen ion gradient, which is dissipated when
[H+] is high in acidic environments; consequently, NKA regulates ions less
efficiently in acidic environments (McCormick et al., 2009). Furthermore, toxic
labile aluminum can accumulate in the sodium-potassium pump, especially under
acidic conditions where aluminum has become more reactive, further disrupting
ionic regulation (McCormick et al., 2009; Grassie et al., 2013). Consequently,
acidification and the accompanying reduced function of NKA can alter the health
and physiological preparedness of fish to migrate to ocean habitat by reducing
salinity tolerance (McCormick et al., 2013) and ultimately the marine survival of
salmon (Thorstad et al., 2013).
In addition to its effects on gill NKA, osmoregulation, and subsequent
migration, acidification can also affect the sensory perception of chemical, visual
and auditory cues of fish (Ashur, Johnston & Dixson, 2017; Leduc, Kelly &
Brown., 2004). Additionally, acidic conditions and labile aluminum have been
shown to disrupt the neurodevelopment of brain tissue in fish. Atlantic Salmon
(Salmo salar) subjected to long-term exposure of labile aluminium were found to
exhibit reduced levels of neural differentiation factor 1, a neuronal regulator
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responsible for the sensory perception and learning of surroundings in fish (Grassie
et al., 2013; Quinn & Nevitt, 1996). Fish exposed to acidic conditions show
reduced responses to chemical cues, such as conspecific predator alarm cues
(Oncorhynchus mykiss; Leduc, Kelly & Brown, 2004) and food chemical cues, and
may exhibit reduced feeding as a result (Oncorhynchus mykiss; Leduc, Kelly &
Brown, 2004; Salmo salar; Leduc, Roh & Brown, 2009). Sensory organs, such as
olfactory and taste organs, are sensitive to toxins such as aluminum and may
under-develop or become non-functional under acidic conditions (Salmo salar,
Salmo trutta, and Salvelinus alpinus; Havas & Rosseland, 1995). Simpson et al.,
(2011) also found auditory responses to surrounding stimuli in orange clownfish
(Amphiprion percula) to be impaired under acidic conditions, mainly due to
reduced otilith development. Reduced visual development of fish may lead to
maladaptive behavioural responses to stimuli. For example, juvenile coral reef fish
(Pomacentrus amboinensis) have reduced recognition of visual stimuli when
reared under increased pCO2 (high acidity), and subsequently had increased
activity and foraging behaviours when faced with a predator, compared to those
reared under less pCO2 (Ferrari et al., 2012a). Increased activity and foraging may
then inadvertently increase conspicuousness and exposure to predators and may
lead to increased predation (e.g., Klaminder et al., 2019). Disruptions to the
development of sensory perception of fish can ultimately affect behavioural traits
in anadromous fish (Havas & Rosseland, 1995) during all life history stages,
including marine migration.
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Behavioural changes of fish in acidified waters
The combined effects of acidification and mobilization of labile aluminum on fish
behaviour may impact migration during the smoltification stage in addition to the
physiological effects fish experience in acidified waters. Juveniles migrate through
novel habitats from their natal freshwater streams into estuaries with increasingly
brackish water, and finally outward to ocean habitats. Along the way, fish must
feed, evade predators, and successfully orient and navigate downstream. Therefore,
it is crucial for smolts to exhibit a suite of migratory-specific behaviours during
this stage to successfully reach the open ocean. Behavioural traits which could
confer fitness benefits to smolts during migration might include: (1) exploration, or
boldness in novel habitats (Cote et al., 2010; Rehage & Sih, 2004); (2) motivation
to forage prior to migration (Simenstad et al., 1982); (3) responsive anti-predator
behaviours (Handeland et al., 1996; Bakshtanskiy et al., 1980); (4) flexibility in
adjusting to changes in environmental stimuli (Coppens et al., 2010); (5) limited
(optimal) residency time within the estuary (Halfyard et al., 2013); and/or (6)
limited seaward-landward reversal behaviours which limit exposure to predators
(Sih, Bell & Johnson, 2004; Halfyard et al., 2013). Impacts of freshwater
acidification on the expression of any of these behaviours may lead to reduced
survival of fish in the marine environment (McCormick et al., 2009; Grassie et al.,
2013).
The extent of acidification effects on these suite of behaviours vary
between species, and may be adaptive or maladaptive depending on the
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environment. For example, acidification has been found to impact exploration
(also termed boldness) of three-spined sticklebacks (Gasterosteus aculeatus)
(Näslund et al., 2015) where fish exposed to CO2-induced acidic conditions for a
twenty-day period spent significantly less time (five times less) investigating a
novel object compared to controls. Sticklebacks from acidic conditions also took a
significantly longer time to leave from an escape-time designed chamber and begin
exploring. The authors attribute these differences in behaviour to deficient learning
abilities compared to control fish. Similarly, rainbow trout (Oncorhynchus mykiss)
exposed to labile aluminum experienced significantly lower activity levels than
controls (Allin & Wilson, 1999). The authors attribute the significant reduction in
swimming activity to the trade-off faced by the trout; they must allocate more
energy to repair aluminum-induced white muscle damage which could otherwise
be used to swim (Allin & Wilson, 1999). Alternatively, acidic conditions have also
been found to increase activity in certain fish, such as those in coral reef systems.
Munday et al., (2013) found there to be increased activity with long-term exposure
to CO2 conditions in coral reef fish, which may be maladaptive as this increased
susceptibility to capture by fishing and may increase population-level fishing
mortality. Other fish, such as Atlantic cod (Gadus morhua), are resilient to CO2
conditions, and experience no dramatic increase or decrease in activity (Jutfelt &
Hedgärde, 2015).
In addition to being willing to explore novel habitats encountered by
migrating fish, foraging behaviours are key to acquiring energy for long-distance
migrations. Food motivation may not be as robust under acidic conditions because
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of altered chemosensory abilities by fish; i.e., they cannot sense the chemical cues
of the prey itself (Leduc, Kelly & Brown., 2004). Additionally, impaired visual
and auditory perception of food particles and prey may lead to reduced motivation
to feed and dampened feeding behaviours. Three-spined sticklebacks exposed to
acidic conditions showed reduced attack and capture rates of prey (Näslund et al.,
2015) which may be associated with reduced visual perception of prey in
environments with high CO2. Reduced capture rates of prey have also been found
in meagre fish (Argyrosomus regius) and gilthead seabream (Sparus aurata) where
hypercapnia (increased CO2 partial pressure) caused erratic “spin” movements as
well as the reallocation of energy from growth to maintenance (Pimentel et al.,
2016; Deigweiher et al., 2008).
Predator response behaviours are also susceptible to impairment from
acidification. Fish can perceive predators via conspecific chemical alarm cues,
visual perception, and audition of surroundings (Leduc, Kelly & Brown., 2004;
Simpson et al., 2011); and these functions are sensitive to acidification and can
therefore increase risk of predation. The effects of weakly acidic conditions have
been found to greatly reduce the recognition of conspecific anti-predator alarm
cues of juvenile and adult fish, for example, in rainbow trout (Leduc, Kelly &
Brown., 2004) and some centrarchid and cyprinid fishes, (Leduc & Brown., 2004;
Brown et al., 2002). Acidification also reduces space-use capabilities in fish, such
as shelters used by prey during predation attempts, or to help hide prey and
decrease risk of attack (e.g., clownfish (Amphiprion percula; Munday et al., 2009).
Näslund and colleagues (2015) simulated predator encounters by sticklebacks
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using an avian decoy to determine the effects of CO2 acidification on responses to
avian predator dives. They found that sticklebacks exposed to CO2 exhibited
reduced freezing behaviour; a characteristic behaviour seen in sticklebacks which
may be indicative of weaker predator responses and may lead to greater predation
if reduced (Näslund et al., 2015). Indeed, studies have shown significantly lowered
survival of fish during predator encounters under acidic conditions (Salmo salar;
Leduc, Roh & Brown, 2009). Consequently, the accompanying changes in
neurodevelopment (Grassie et al., 2013) and chemosensory function (Leduc, Kelly
& Brown, 2004) affect learning and behavioural responses to food and predators
(Ferrari et al., 2012a,b), and may therefore affect the ability for fish to flexibly
adjust their behaviours in response to changing conditions (Vehanen, 2003).
Responsive anti-predator behaviours and behavioural flexibility are can therefore
be critical traits for survival during the smoltification stage as juveniles migrate
through novel habitats and face new predation pressures.
Migration-specific behaviours – such as residency time (time spent within
specific habitats; Dempson et al., 2011) and directed movements (freshwater
towards saltwater; Halfyard et al., 2012) - may also be affected by acidification
with the consequence of longer than optimal residency time in estuarine habitat,
which may lead to mortality. For instance, an optimization curve for estuary
residence time has been proposed whereby Atlantic Salmon smolts should reside in
estuaries long enough to acclimate to the changing salinity and temperature
conditions, but not too long to experience increased exposure to predation
(Halfyard et al., 2013). Researchers postulate that smolts may have longer than
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optimal residency time under acidic conditions due to osmoregulatory disruption
(Halfyard et al., 2013), thus leading to concentrated predation by avian predators
(Hawkes et al., 2013, Skov et al., 2013). Indeed, decreased survival of Atlantic
Salmon has been correlated with increased estuary residency time during
downstream migration (Stich et al., 2015, Dempson et al., 2011). Seaward-directed
movements by fish may also be influenced by exposure to acidic conditions.
Salmon smolts are making large scale movements where they transition from
freshwater to marine habitat, necessitating what is, ultimately, a seaward
migration. Reversal behaviours are characterized by smolts swimming seaward
and then reversing swimming direction and migrating some distance back toward
the river (Halfyard et al., 2013, Dempson et al., 2011). Smolts may perform
reversals under natural conditions to allow more time to acclimate to drastically
changing conditions, such as increased temperature or salinity, as conditions
become more dominated by freshwater nearest to the mouth of the river (Dempson
et al., 2011). However, smolts from acidified sites have been shown to increase
reversal behaviours which also lead to increased predation through increased
conspicuousness or resultant residency times (Magee et al., 2001; Kocik et al.,
2009).

Influence of behavioural types on migration
Determining behavioural traits of smolts and assessing whether fish exhibit withinindividual consistency and inter-individual variation among them (i.e., behavioural
types; Wolf & Wiessing, 2012; Kaiser & Müller, 2021) when exposed to acidic
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conditions are important to initially characterize the behavioural consequences of
acidification. Behaviour is the first line of defense exhibited by fish experiencing
changing conditions (Wong & Candolin, 2015); therefore, investigating behaviours
of juvenile fish exposed to acidic conditions can further reveal whether fish retain
adaptive behaviours for successful migration. Indeed, migration - in terms of space
use and animal movement, may be influenced by the underlying behavioural types
of fish. For instance, the migratory propensity of roach (Rutilis rutilis), a
freshwater fish, is affected by an individual’s level of boldness, where bold
individuals were more likely to migrate than shy fish (Chapman et al., 2011).
Likewise, invasive California mosquitofish (Gambusia affinis) were found to
exhibit consistent personality traits associated with movement; bold and more
social individuals were found to disperse further in streams (Cote et al., 2010).
Similar personality-dependent dispersal has been found in a species of American
minnow (Lepidomeda aliciae) (Ramussen & Belk, 2012) and round gobies
(Neogobius melanostomus, Myles-Gonzalez et al., 2015). Migration movements
may be further influenced by the underlying behavioural type of fish. Fish that
migrate from freshwater to saltwater must actively migrate with directionality
towards the ocean and must actively feed prior to migration (Lucas & Baras,
2008), which can be difficult in the estuary environment when predator density is
high (Clark, Ruiz & Hines, 2003). Fish that are less active may have extended
migration residency. Furthermore, if migrating anadromous fish have behavioural
types that limit their responses to food or predators, this could potentially increase
reversal behaviours, indirectly increasing residency. Researchers also postulate
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reversal behaviours to be performed in response to changing environmental
conditions (Dempson et al., 2011). Therefore, fish that possess less adaptive
behavioural types, and those that are unable to acclimate changing environmental
conditions, may be at a greater risk of mortality during migration.
While telemetry studies of migrating fish can be used to infer fish
behaviour and personalities (Villegas-Rios et al., 2017; Taylor & Cooke, 2014),
and therefore to explain why fish movement varies (Spiegel et al., 2017), it is
challenging to discern whether variation arises from environmental heterogeneity
or behavioural-type differences amongst conspecifics themselves (Hawkes, 2009).
To address this challenge, researchers recommend collecting data on the spatial
ecology of individuals; i.e., the dynamic space use of individuals (Tilman &
Kareiva, 2018) such as displacement, migration path, and home range size; and on
their behavioural traits, assessed independently from movement patterns and the
habitat in which the animal is naturally active in (Spiegel et al., 2017). Covariates
such as landscape structure, threats, and resources can also be assessed in
combination with free-ranging movement and behavioural traits to determine
differences in behavioural type-dependent movement ecology. For example,
Villegas-Ríos and colleagues (2017) found the underlying reactive-proactive
personalities of Atlantic cod (Gadus morhua) to be strong predictors of
adjustments in home-ranges, where reactive individuals reduced home-range size
in response to increasing temperatures. Different studies aim to discern the
connections between underlying behavioural traits and large-scale group
movement behaviours, such as schooling. The activity and sociability of pale
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chubs (Zacco platypus) were found to influence movement behaviours while
schooling, where individuals with high sociability were more centred and closely
aggregated with the group (Tang & Fu, 2020). Similar findings of personalitydriven schooling behaviour have been found in stickleback (Gasterosteus
aculeatus) (Jolles et al., 2017). Investigating spatial ecology of fish through
independent behaviour assays that is then integrated with telemetry data provides a
more mechanistic and thorough link between behavioural types and their
ecological consequences, as both behaviour and movement can influence longterm survival of individuals and community structure (Mittelbach et al., 2014;
Brodin et al., 2019; Blanchard, Santos & Rehage, 2021).

Conservation implications of behavioural-dependent studies of migration
Determining if acidified waters affect behaviour-dependent migration by causing a
shift towards a less-adaptive behavioural type for migration success can aid with
conservation efforts in commercially and culturally important migratory fish
species. Linking movement data will reveal how strongly these behavioural traits
can contribute to migration-specific behaviours, and the subsequent fitness effects
they entail (Furey et al., 2015; Harrison et al., 2019). Furthermore, identifying
behavioural types and other behavioural traits and their corresponding migratory
consequences can guide conservation efforts in the direction of phenotypic
management (Watters, Lema & Nevitt, 2003; Conrad et al., 2011). For example,
the behavioural responses of fish likely influence which individuals survive as
populations decline. However, if environmental conditions limit adaptive
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behaviours of individuals, populations may be at a greater risk of extirpation
should the environment experience any further disturbance, rendering current
behavioural types to become potentially maladaptive (Conrad et al., 2011).
Therefore, it is imperative for conservation efforts to focus not only on restoring
the expression of adaptive behavioural traits of fish within populations, but also to
restore a diversity of behavioural types which may provide for a more resilient
population-wide response (in terms of survival) to drastic environmental changes
(Denoël & Winandy, 2015). In addition to assessing the effects of freshwater
acidification on the behaviour and subsequent movement of migrating fish, it is
also necessary to assess how well acid mitigation efforts influence fish behaviour.
Assessing the effectiveness of current conservation measures will allow
researchers, governments, and conservation organizations to refine conservation
approaches and apply adaptive management.
Reducing acidification to restore fish populations in affected waterbodies
has been the conservation priority in eastern Canada, with research being
conducted by the Canadian government and academic institutes, while much of the
applied restoration projects have been led by not-for-profit organizations, such as
the Nova Scotia Salmon Association (NSSA, nssalmon.ca). The main approach to
restoring acidified rivers is liming (Weatherley, 1988; Sandøy & Romundstad,
1995; Clair and Hindar 2005). Liming is the process of neutralizing acidified
waters through the addition of basic compounds or alkaline solutions, most
commonly calcite limestone (Watt, 1984;1986). Liming is done using various
methods depending on location and extent of the restoration goal. The most basic
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liming projects add bulk powdered limestone directly to the surface of lakes or to
river bottoms. A more refined approach to liming requires buffering the acidified
waters directly by use of an automatic lime-doser which carefully administers
flow-adjusted doses of lime to achieve the appropriate concentration of lime to
mitigate acidified waters based on ambient water chemistry (Clair & Hindar,
2005). An alternative is the liming of forest soils, either by manual spreading or
through ariel deposits via helicopter. Here, acidified soils are treated so that
precipitation is neutralized prior to reaching surface streams. Although liming may
restore natural ecosystems, multiple methods may need to be implemented to
effectively restore fish populations. Simply restocking populations has been found
to be ineffective as the threat of acid rain persists, whereas restocking in
combination with liming efforts may be more successful (Kelly et al., 2015).
Liming projects have proven effective in recovering some population densities and
recovering suitable breeding habitat for salmon (Hesthagen & Larsen, 2003;
Sandøy & Romundstad, 1995); however, it remains unknown whether liming can
restore the behavioural types and marine survival of acidification-affected
anadromous fish species like Atlantic Salmon. Specifically, it is unknown whether
liming effectively restores their migration behaviours and migration success.

Study System
A freshwater study species of concern, Atlantic Salmon, and more
specifically populations in eastern Nova Scotia, Canada, are threatened by
freshwater acidification among other threats (Bowlby et al., 2013). Nova Scotia,

14

Canada, Maine, USA, and Scandinavia are the three major regions where acid rain
has harmed Atlantic Salmon populations (Watt, 1986; Haines, 1987; Sandøy &
Langåker, 2001). Nova Scotian rivers are particularly prone to acidification
because the underlying geology of the river systems does not provide adequate
buffering of acid precipitation (Watt, Scott & White, 1983), a phenomenon which
has left a legacy of impacts despite reduced pollution (Clair et al., 2011), and
conditions remain problematic for salmon (Sterling et al., 2020). Surveys of 27
Nova Scotian Rivers in the early 1980’s showed that those with the lowest pH
often had the least flow, with catchments dominated by granite rock lacking base
cation minerals. The combination of underlying substrate and acid rain has placed
Atlantic Salmon populations in this region at a greater risk than salmon in rivers
with higher natural neutralizing capacity, such as rivers with slate or calcite
bedrock (Watt, Scott & White, 1983). Atlantic Salmon within similarly acidic
conditions have been found to exhibit reduced chemosensory (Leduc, Kelly &
Brown, 2004; Leduc, 2013) and olfactory perception (Leduc et al., 2013), which
influences visual capabilities (Elvidge, Macnaughton & Brown, 2013), and
possibly foraging motivation and anti-predator responses (Kelly et al., 2015). To
repair the ecological damage caused by acid rain and to restore the overall health
of Atlantic Salmon within this region, liming projects have been implemented
since approximately 2005 by the Nova Scotia Salmon Association
(nssalmon.ca/issues). Dolomitic limestone and calcium carbonate have been
continuously added to acidified rivers via two automatic lime-dosers and
catchment liming of the forest for two sub-catchments have been aimed at
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recovering freshwater conditions in this demonstration project, with the ultimate
goal of restoring the health of Atlantic Salmon populations in these acidified Nova
Scotian rivers.

Thesis Objectives
The overall goal of my thesis was to i) contrast the behavioural traits of Atlantic
Salmon smolts from an acidified control site and acid-treated site, including their
consistency across contexts relative to other individuals, ii) investigate subsequent
migration movement behaviours and survival, and iii) examine whether
behavioural traits can predict migration behaviour and success of smolts from two
river sub-catchments in Nova Scotia experiencing different acidification treatment
regimes.
In Chapter 2: Activity and food-motivation behaviours of wild Atlantic
Salmon smolts (Salmo salar, L.) may be influenced by recovery efforts from
freshwater acidification in Nova Scotia, Canada. My objective was to discern
whether there were differences in the behavioural types of migrating Atlantic
Salmon smolts from two different sites in a watershed undergoing acid rain
mitigation; one site that has been lime-treated (“West River”), and the other is a
tributary that remains acidified (“Little River”). I hypothesized that the behavioural
types of smolts from the two sites would differ and predicted those from the limetreated river would display traits more suited for successful migration. I found that
smolts from West River (lime-treated) exhibited significantly less activity and food
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motivation. I discuss how the behavioural types of smolts from the acidified river
may affect the long-term fitness of Atlantic Salmon smolts, the effectiveness of
lime-treatment in restoring adaptive behavioural types of migrating smolts.
In Chapter 3: Exploring the effects of acid mitigation on the behaviours
and survival of migrating Atlantic Salmon (Salmo salar, L.) smolts: My
objective was to determine if there were differences in the residency time, number
of reversal behaviours and apparent survival of Atlantic Salmon post-smolts. I also
aimed to determine if the behavioural types of juveniles influenced these migration
factors. I hypothesized smolts from two different sites (one lime-treated, one
acidified) would differ in their migration timing, number of reversals and apparent
survival, and that the behavioural types of smolts would have significant influence.
I found no direct effect of treatment, in that smolts from the lime-treated site did
not differ in migration behaviours from the non-treated site. In specific, I found no
differences in the residency time, reversal behaviours, nor survival between
treatments. Instead, I found weak evidence of Activity and Food Motivation of
smolts (along with a subset of other behaviours having marginal effects),
influencing residency time in the inner estuary, a habitat which experienced a
decline in survival. I discuss the ramifications these behavioural types can have on
survival in the inner estuary, and the extent to which lime-treatment can restore
adaptive migration behaviours, and thus success.
In Chapter 4, General Discussion: I briefly summarize my findings, and I
interpret and discuss the implications these results have to the broader fields of
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behavioural and movement ecology. I discuss the limitations of my project and
future directions for research and conservation efforts.
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CHAPTER 2
Activity and food-motivation behaviours of wild Atlantic Salmon smolts (Salmo
salar, L.) may be influenced by recovery efforts from freshwater acidification in
Nova Scotia, Canada.
Introduction
The acidification of freshwaters by increasing pCO2 associated with rising global
atmospheric CO2 concentrations has been a growing concern, threatening natural
ecosystems and the health of freshwater organisms (Hasler et al., 2017; Weiss et
al., 2018; Siwela & Basopo, 2020). Further still, some areas in North America and
Europe continue to suffer from the legacy effects of severe acid rain caused by the
release of sulfur dioxide and nitrogen oxides (e.g., Stoddard et al., 1999, Clair et
al., 2007). Acidification affects freshwater fish mortality and morbidity by
lowering pH, reducing base cation concentrations, and broadly altering water
chemistry (Parkhurst et al., 1990; Kroglund et al., 2007; Tranter et al., 1994).
Specifically, acidified waters (increased hydrogen ion concentration) can kill fish
via failure in body salt regulation and normal gill function (Leivestad, 1982).
Acidification may interfere with the respiration of fish; ventilation rates of some
freshwater fish become inefficient under acidic conditions, causing death even
under sufficient concentrations of dissolved oxygen (Miller et al., 2016).
Acidification also increases the toxicity of labile aluminum (e.g., Sterling et al.,
2020), which accumulates on tissue in the gill, liver, and kidney, causing osmotic
stress, organ failure and death (Regish et al., 2018; Hadi & Alwan, 2012).
In conjunction with the direct mortality induced by acidification (Lee, Kita,
& Ishimatsu, 2003; Cattano et al., 2018) and its physiological impacts (e.g.,
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internal acid-base balance; Janssen & Randall, 1975; cellular transport
mechanisms; Claiborne et al., 1999; and enzyme activity; Heuer & Grosell, 2014),
acidic conditions and labile aluminum can also induce neurodevelopmental and
behavioural changes in fish. For example, Atlantic Salmon (Salmo salar) subjected
to long term exposure of labile aluminium were found to exhibit reduced levels of
NeuroD1, a neural differentiation regulator (Grassie et al., 2013) responsible, in
part, for sensory perception of surroundings, learning and memory in fish (Grassie
et al., 2013; Dittman, Quinn & Nevitt, 1996). Acidification has also been found to
reduce exploration of three-spined sticklebacks (Gasterosteus aculeatus) (Näslund
et al., 2015); or conversely increase the activity of coral trout (Plectropomus
leopardus), which has been postulated to lead to greater susceptibility to capture
by anglers (Munday et al., 2013). Furthermore, acidification also influences the
capacity of Atlantic Salmon to successfully forage (Saunders et al., 2003); and
reduces the ability for gilthead seabream (Sparus aurata) to catch prey (Pimentel
et al., 2016). Consequently, acidified conditions can reduce the learning capacity
of fish, which can further influence survival or reduce adaptive capacity. For
example, coral reef fish exposed to acidic conditions are unable to visually learn
from predation threats, leading to dampened anti-predator behaviours and
influencing long-term survival (Ferrari et al., 2012a, b). Similar findings indicate
the impaired learning of coral reef fish has been disrupted at the neuronal level,
whereby the function of neurotransmitters used during the acquisition of learning
from predator encounters is reduced under acidified conditions (Chivers et al.,
2014). An outcome of acid-exposed fish is the reduced capacity for fish to cope
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with and respond to natural stressors in their environment (Näslund et al., 2015;
Ferrari et al., 2012a, b). Moreover, because flexibility in behaviours allows
organisms to adjust to a wide range of environmental conditions, altered learning
abilities may further increase the vulnerability of fish when exposed to new, or
challenging conditions.
For anadromous species, such as Atlantic Salmon, the transition between
the hypotonic freshwater environment and the hypertonic marine environment
exerts unique endocrine and physiological demands (e.g., McCormick et al., 2009).
Atlantic Salmon exposed to acidification experience additional physiological stress
in the sodium-potassium (NKA+) pump, and labile aluminum further aggregates
within the NKA+ pump, rendering it less effective at maintaining a healthy ionic
balance (Regish et al., 2018). This acid-induced disturbance not only reduces the
physiological preparedness of juveniles, or smolts, for seaward migration, but the
additional behavioural consequences of acidification can further render smolts
susceptible to the effects of acidification. Under natural conditions, migrating
smolts should exhibit behavioural traits that allow them to navigate to the marine
environment successfully. From freshwater habitat to the ocean, smolts must
persistently move through changing salinity while also avoiding predators
(McMahon & Matter, 2006; Petersson & Järvi, 2006) and have high foodmotivation in freshwater habitat to fuel energetic reserves before migrating
seaward (which is energetically costly and accompanied by a fasting state;
Brönmark et al., 2014). Smolts must possess adaptive behaviours that allow them
to respond successfully to these changing conditions to survive, such as exploring
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novel habitats and foraging on novel food to feed the energetic requirements to
support migration activity (Näslund & Johnsson, 2015; Brownscombe et al., 2017).
Also, smolts must be vigilant to and evade novel predators while remaining
flexible in their exploration and foraging activity after predator encounters, as
smolt migratory movements that are overly active and lack directionality may
increase the risk of predation by visual predators (Klaminder et al., 2019).
Acidification may impact any of these adaptive behaviours and resultant health and
survival of migrating anadromous fish. Indeed, Halfyard and colleagues (2013)
have suggested a link between osmotic stress induced by freshwater acidification,
migratory behaviours and survival. For instance, evidence shows Atlantic Salmon
exposed to the acid-induced toxification of aluminum to have a reduction in adult
return rate by 20-50% compared to their non-exposed counterparts, implicating the
role of acidification on post-smolt survival of fish (Kroglund et al., 2007).
In Atlantic Canada, many Atlantic Salmon (Salmo salar) populations have
been affected, in part, due to acidification of their natal freshwater habitats
(Kroglund & Finstad, 2003; Watt, 1986). These fresh waters have experienced
intense acid rain and acid deposition through snow melt runoff since
approximately the mid-1900s, which contributed to the decline of populations in
the Southern Upland of Nova Scotia as well as populations from the Bay of Fundy
and New Brunswick (Fuss, Driscoll & Campbell, 2015; Gibson et al., 2011;
Lacroix, 2013). Additionally, river pHs in Nova Scotia are closely related to the
underlying geology (Watt, Scott & White, 1983). Many rivers are composed of
granite rock, which lacks basic materials that would be capable of buffering the
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acidity (Watt, Scott & White, 1983), a phenomenon which has left a legacy of
impacts despite reduced pollution (Clair et al., 2011). Evidence from fine-scale
stream-side studies and large-scale telemetry studies within the eastern Canadian
region have demonstrated acidification may alter behavioural traits of salmonids,
including reduced foraging motivation, dampened anti-predator responses, and
possibly reduced migration survival (Lacroix, 1985; Leduc et al., 2008; Halfyard et
al., 2013).
Conservation efforts to reverse or mitigate the effect of freshwater
acidification include the addition of base cations, usually calcite, calcium
carbonate or dolomitic limestone (i.e., liming), directly into waterbodies or onto
their hydrological catchments (Clair & Hindar, 2005). The goal of liming projects
is to improve water quality in support of the recovery or reestablishment of fish
populations (Clair & Hindar, 2005). Lime-treatment has been found to increase pH
levels, decrease the toxicity of metal species, such as aluminum, and in some
cases, increase phosphorus levels which can be beneficial for algae production
(Henrickson et al., 1995). While liming has been effective in restoring the pH of
rivers and the natural ecosystems, the recovery of fish populations has sometimes
lagged, necessitating restocking efforts in addition to lime treatments (Hesthagen
& Larsen, 2003; Sandöy & Romundstad, 1995; Hesthagen, Larsen & Fiske, 2011;
Watt, 1986; Kroglund & Starunes, 1999).
Despite the evidence that liming can increase the freshwater survival of
Atlantic Salmon (Sterling et al., 2014), the quality as well as the quantity of smolts
are important for population recovery. It remains unknown whether the mitigation
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of acidic conditions also recovers behavioural types of juvenile salmon that may
influence survival during seaward migration and, ultimately, lifetime fitness of
individuals. Characterizing the effects of mitigation efforts on behavioural traits of
smolts will provide insight on the adaptive capacity of fish to successfully migrate
to the sea. Acoustic telemetry provides one method to track smolts from freshwater
to the sea and estimate differences in movement and survival between lime-treated
and non-treated rivers (e.g., Halfyard et al., 2012; 2013); however, it is challenging
to discern whether differential movement, and potentially survival for telemetered
fish arise from environmental heterogeneity or behavioural differences amongst
individuals (Hawkes, 2009). One potential solution is to assess behavioural traits
to separate the individual traits from those effects associated with the habitat in
which the animal moves through. This approach allows for a more mechanistic
analysis of the behavioural types of migrating smolts in a novel context (Spiegel et
al., 2017).
Here we investigate the effects of acid rain mitigation efforts on the
behavioural types of Atlantic Salmon smolts from two sub-catchments within a
small coastal river in Nova Scotia, Canada. One sub-catchment was formerly
impacted by acid rain but has been subjected to acid rain mitigation whereas the
other has not been limed and remains acidified. We performed stream-side
behavioural trials of Atlantic Salmon smolts from the two different river treatments
to determine if fish differ in behavioural traits (e.g., activity, exploration, foraging
motivation, predator responsiveness, and flexibility). We predicted smolts from
lime-treated rivers to be more active and exploratory, exhibit more responsive anti-
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predator behaviours, be more motivated to feed, and to be more behaviourally
flexible (as measured by changes in foraging attempts post predator encounter).
Methods
Experimental Animals
Wild Atlantic Salmon smolts of approximately two years of age were captured in
two locations within the West River, Sheet Harbour, Nova Scotia, Canada. Smolts
were sampled from two sites (Fig 2.1, Table 2.1); the limed West River (lWR,
n=99) located on the main branch of the West River at the downstream extent of
suitable main-branch salmon habitat above which all acid-rain mitigation activities
occur (44.958536, -62.617743), and the acidified Little River (aLR, n=17); a
tributary of the lWR, where no restoration or mitigation action has occurred
(44.953322, -62.610942).

Study Site
West River has a 282 km2 catchment and is part of the geographic regions known
as the Nova Scotia Southern Uplands. Rivers in this region have been severely
impacted by the effects of acid rain because poor soils with low concentrations of
base cations and high natural organic acids have led to surface waters low in
dissolved minerals and buffering capacity (Watt, Scott & White, 1983; Watt 1987;
Korman et al., 1994). The West River has been the site of an acid rain mitigation
program since 2005; and the Nova Scotia Salmon Association has run a
demonstration project where powdered limestone is carefully administered to the
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river using two lime dosers and helicopter liming of sections of the catchment
(Halfyard 2007). The result of the acid rain mitigation efforts has been increased
stream pH (within preferred range for Atlantic Salmon; 5.5– 6.8, Watt, 1986;
Peterson, Day & Metcalfe, 1980) and calcium concentration, and reducing toxic
forms of aluminum (Halfyard 2007, E.A. Halfyard, pers. comm.). aLR is a
tributary of West River, and has approximately 59,000m2 of suitable salmon
habitat, whereas lWR houses 342,000m2 of suitable habitat for salmon. These
sampling sites are located approximately 750m apart and fish emigrating from
these two locations share a common 7 km migration route before reaching the
estuary. Smolts captured from these two sampling locations originate from a large
geographic area with varying natural physical habitat, thermal conditions, water
chemistry, and in the case of lWR, with varying impact from liming initiatives.
Broadly, the lWR has a higher pH of about 5.3-6.2 compared to aLR, which has a
pH of about 4.7-5.2 (Table 2.1), but historically would be in the range of 5.5-6 for
adequate salmon health and survival (Watt, 1986). While the lWR has been limed,
it may remain within a borderline range in terms of the potential behavioural
impacts on fish (Leduc, Roh & Brown, 2009). The Sheet Harbour region where the
two rivers are situated has an average tidal range of approximately 1.2 to 1.5m.
West River empties into the northwest arm of the harbour while the East River
empties into the northeast arm of the harbour. These major inputs of water create
permanent pycnoclines and seasonal thermoclines where less dense freshwater
creates a lens on the surface (1-3m depth) that ranges from pure freshwater nearest
the river mouths to 15-25 ppt by the arms of the harbour meet, the spatiotemporal
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dynamics of which change with river flow and tide. Underneath the freshwater
lens, and seaward from this point is near pure seawater where salinities range from
25-34ppt.
We captured 116 smolts from lWR (n=99) and aLR (n=17) between May 5
and 10, 2019. Smolts from lWR were captured using a 1.5m rotary screw trap
(smolt wheel) and a 1.0m fyke net outfitted with a flow-through hold bin on the
cod-end of the trap, whereas smolts from aLR were captured only by a similar fyke
net. The fyke net capture method was added to lWR downstream from the smolt
wheel to ensure investigation of smolt behaviour was not due to capture method, as
a smolt wheel could only be fished in the larger lWR. Smolts were retrieved from
traps each morning (0800h) and transported in coolers to holding tanks
(approximately 600L) with river water continuously pumped through, located
adjacent to the smolt wheel. All smolts were held for at least one hour prior to
behavioural assays to promote recovery from the acute stress of capture, and
behavioural assays were conducted on smolts the same day they were captured.
We then performed stream-side behavioural assays on all 116 smolts before
measuring each smolt’s mass (mean ±SE, range: 48.98 ± 1.10, 25.9-84.7g) and
fork length (16.94 ± 0.12, 14-20.5cm). A subset of fish was then tagged with
acoustic transmitters for a follow-up study, with the remaining fish released back
into the river system.
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Behaviour Arena Design
We designed the behaviour arena to allow smolts to explore their surroundings and
to show visible behaviour responses to food stimuli and a predator decoy
encounter (Fig 2.2A). The behaviour arena was constructed out of plywood with a
barrier containing an opening separating the arena into portions (see Fig. 2.2A (d)).
This barrier was positioned on a vertical slant to allow for maximal aerial view of
the trial arena, and the height of the opening within this barrier was matched to the
height of the water within the arena (Fig. 2.2B). The larger section of the trial
arena was designated the inflow zone, and contained a hose pinned to the insidecorner edge which was fixed to pump lWR water into the trial arena (see Fig. 2.2A
(a, b)). lWR water was continuously pumped into trial arenas during active trials,
and arenas maintained a water height of 8.5 inches. Both the inflow and outflow
zones contained white and grey gravel as substrate to act as a more natural
environment while allowing viewing from above. The inflow zone also contained
an inverted concrete cinder block in the centre (see Fig. 2.2A (c)), which acted as a
shelter for smolts to use (Fig. 2.2C). The outflow zone housed the feeding tube,
which was a PVC tube (1-inch diameter) with a funnel placed at the top end, and a
hole at the end of the zone wall allowing water to flow out (see Fig. 2.2A (f, g)).
We cut the opening in the barrier between the two zones to allow smolts to swim
freely between the two different zones (Fig. 2.2B). Four trial arenas were used
enabling four fish to be tested at the same time, and these were labelled A, B, C
and D. We built 4x4 wood scaffolding above the trial arenas to attach two Go-Pro
cameras (model Hero-4), mounted 51.5 inches above the height of the arena, and
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65.5 inches above the water in each arena. This height allowed four arenas to be
simultaneously filmed per “trial”.

Behavioural Assays
Behavioural trials consisted of a sequence of four behavioural assays –
acclimation, first feed stimulus, predator stimulus, second feed stimulus - each
investigating behavioural traits and responses to stimuli for a total duration of forty
minutes. We timed all trials using a standard stopwatch and followed the time
throughout all four assays. To begin, we placed one smolt in each of the four
arenas at the far-end of the inflow zone, and allowed them to freely explore the
entire arena, including the shelter structure and the outflow zone. This acclimation
period lasted for 20 minutes.
At the twenty-minute mark, we placed a mixture of food (approximately
0.7g of blood worms and half a brine shrimp) dissolved in approximately one cup
of river water into the funnel placed upon the PVC feeding tube attached at the
side of the outflow zone. The food stimulus flowed through the PVC tube and was
deposited just below the surface of the water. This food acted as a chemical and
visual stimulus for smolt feeding behaviour and allowed for characterization of
smolt food-motivation (i.e., motivation to approach food). We deposited the food
stimulus while remaining out of sight (crouching below the height of the trial arena
to not cast shadows over the fish and therefore minimizing the impact on the
behaviours being investigated). We allowed smolts ten minutes to respond to this

39

initial food stimulus. Smolts were able to swim freely between the inflow and
outflow zone, and their response to food was video captured.
After ten minutes, we presented smolts with two cormorant predator plastic
decoys, which we simulated as a single dive into both the inflow zone and outflow
zone waters simultaneously to ensure the smolt was exposed to the decoy,
regardless of which zone the fish was in at the time of the event. Similar to the
feeding period, we maintained positions below the height of the trial arena to
ensure no sightings by smolts, therefore minimizing impacts on behaviour. After
five minutes had passed, food was again introduced into the outflow, in the same
manner as the first feeding. The trial ended 5 minutes post this second feeding.
After completing the behaviour trials, we returned smolts to a second
aerated hauler and into individually labelled 19L buckets. From there, we recorded
fork length (cm) and mass (g). Smolts not undergoing telemetry analysis were
released back into lWR soon after this process, whereas those being further
investigated underwent further surgical procedures. Additional information such as
the Julian date, length of time the smolt was held in the holding tank, time of day
the trial began, the river origin for the specific smolt, and the method of capture
(screw trap or fyke net) was also recorded.
Although Little River fish were held and assessed in West River water, we
do not expect that recovery would have occurred over the short time periods that
smolts were held for this experiment. For example, Nilsen et al., (2013) studied the
physiological response of smolts exposed to low pH and high aluminum
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concentrations (although note these conditions were significantly less severe than
the aLR). Smolts that were exposed for 2 to 7 days then returned to good water
quality required at least 2 weeks to fully recover.

Behaviour Assay Analysis
Recorded videos required stitching to ensure each trial was captured by one
continuous video (Go-Pro cameras ‘chapter’ videos in 17-minute increments, so
three videos were recorded chronologically to capture one entire behaviour trial for
a single smolt). We used iSkySoft software (https://www.iskysoft.com) to edit
videos and adjust video lighting and contrasting conditions if necessary, depending
on the time of day the trial was performed. Videos were labelled using
alphanumeric codes to ensure behaviour analysis was blind to river treatment
origin. Solomon Coder (Andras Péter, solomoncoder.com), a manually coded
software, was then used for behaviour analysis.
For the acclimation assay, the following behaviours were captured: activity
levels (highly mobile, mobile, immobile), location of smolt within the trial arena,
the latency of a smolt to enter the outflow zone, the frequency the smolt explored
the different zones and shelter-block, the duration of time the smolt spent in each
of these locations, and whether smolts used the periphery or centre of the zones.
This last sub-zone coding was used to identify thigmotaxis (Schnörr et al., 2012).
For both feeding periods, in addition to activity behaviours and zone use, we also
recorded number of approaches to the feeding tube within one fish-length (i.e.,
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directed movements towards the feeding tube which are indicative of foodmotivation).
Behaviours captured during the predator assay included response to
predator stimulus (no change, immediate increase or decrease in mobility),
location of fish, and activity prior and post predator encounter. Ordinal rankings
were then assigned from 1 to 4, with 1 being the strongest response (becoming
highly mobile); 2 representing responses that included leaving current zone and/or
seeking shelter; 3 representing fish becoming mobile or exhibiting freezing
behaviours; and 4 representing no response. We manually went through each
behaviour trial to determine the time it took for smolts to resume their pre-predator
behaviour (if at all), such as mobility and/or location prior. Lastly, behavioural
flexibility was measured by the change in behaviours between the two feeding
periods after having been exposed to the simulated predator in between, coded as 1, 0, and +1 for reducing responses, maintaining responses, and increasing
responses, respectively. Behaviours measured included: frequency to feeding tube,
latency to feeding tube, frequency to outflow zone, and duration in outflow zone.

Statistical Analysis
For each behavioural assay, we conducted a principal component analysis with
Varimax rotation to reduce data redundancy, remove uninformative behaviours
(i.e., a loading less than the absolute value of 0.55 (Peres-Neto, Jackson & Somers,
2003; Warriner et al., 2020)), and find meaningful associations. The final number
of retained factors per assay had eigenvalues ≥1 according to Kaiser criterion, and
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additionally explained more than 10% of the total variance. A second-stage PCA
was then performed on factors across all behavioural assays allowing us to discern
behavioural types that emerged across the four behaviour trials (Dender et al.,
2018). Except for one aggregate factor in this stage (that loaded only a single
meaningful component from the original PCA), aggregate factors were then
analyzed as response variables in subsequent statistical models. Behavioural
flexibility scores (behaviour related to changes in feeding post-predator
encounter), and the original factor score (that did not aggregate with other assay
behaviours) were also analyzed as response variables. Principal component
analysis (PCA) was performed using JMP version 14
(https://www.jmp.com/en_ca/home.html; Budaev, 2010).
We used Generalized Linear Models to test for the effect of lime-treatment
on smolt behaviour. All models contained fixed effect of treatment (categorical
with two levels: lWR and aLR), trial day (continuous, Julian day, range: 125-130),
time in hauler (continuous, minutes, range: 60-588), time of day (continuous,
hours, range: 8.78-18.02), and mass (g, range: 25.9-84.7). We used a Gamma
distribution for our statistical models with an inverse identity link where necessary
to obtain normality of model residuals as assessed by visual inspection of quantilequantile residual plots and histogram of residuals. We used a Gaussian distribution
with an identity link function for response variables “Anti-predator Response” and
“Foraging Flexibility”. We tested for the effect of arena ID but removed this from
all our models as it contributed non-significant variance (i.e., very close to zero),
and did not improve model fit (as assessed by AICc). We also tested for capture
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method differences as a covariate (categorical, two levels: fyke net and screw
trap). All covariates except arena ID were retained in the models. We report
findings significant at the 10% level to reduce the possibility of committing type II
errors (i.e., false negatives), important considerations in studies of conservation
biology (Di Stefano, 2003; Mapstone, 1995; Taylor & Gerrodette, 1993). We also
include 95% confidence intervals and report R2 to show precision and fit of models
which improve interpretations of results (Fidler et al., 2018). Lastly, due to the
imbalanced sample size between lWR and aLR, we performed cross-validation
techniques using a 5-fold stratification approach to ensure our models were as
robust to these naturally constrained sample sizes as possible (Kuhn, 2008). Lastly,
we compared fish mass and length between lime-treated and acidified rivers and
capture method using a two-way ANOVA.
Statistical modelling was performed in R version 4.0.2. Packages used
include dplyr for data manipulation (Wickham et al., 2017), ggplot2 for data
visualization (Wickham, 2011), lme4 for model creation (Bates et al., 2012),
lsmeans to determine least square means (Lenth & Lenth, 2018), caret was used
for cross-validation (Kuhn, 2008), sjstats for confidence interval assessment
(Lüdecke & Lüdecke, 2017), and rsq for pseudo-r2 determination (Zhang, 2021).
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Results
Behavioural Types
The PCA output for the acclimation assay resulted in three factors accounting for
80% of the total variance (S1; each labeled as (% variance explained): activity
(48.0%), shelter use (18.6%), and avoidance (14.4%)). Individuals with a high
score for activity became active quickly, and made use of the entire trial arena,
remaining active in the various zones and subzones. Individuals with high scores
for shelter use actively used the shelter, spending long periods of time within the
shelter and entering the shelter frequently. Lastly, individuals with high scores for
avoidance visited the inflow zone frequently and spent long periods of time within
this zone and did not make much use of the outflow zone.
The PCA for the first feeding period also resulted in three factors and
accounted for 88% of the total variance (S2; each labeled as (% variance
explained): activity (48.4%), avoidance (25.5%), and shelter use (14.3%)).
Individuals with high scores for activity became active quickly, made use of both
zones, and actively approached the food stimulus to feed. Individuals with high
scores for avoidance spent majority of time within the outflow zone and were less
likely to explore the inflow zone. Lastly, individuals with high scores for shelter
use spent long periods of time within the shelter.
The PCA for the predator assay produced five factors accounting for 85%
of the total variance (S3; each labeled as (% variance explained): shelter use
(30.5%), avoidance (19.5%), activity (16.2%), peripheral-centre subzone use
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(10.4%), and predator response (8.6%)). Individuals with high scores for shelter
use visited the shelter quickly and frequently. Individuals with high scores for
avoidance spent the majority of their time in the outflow zone and were less likely
to explore the inflow zone. Individuals with high scores for activity were actively
mobile, specifically in the inflow zone. Individuals with high scores for peripheralcentre subzone use spent majority of time within the peripheral subzone and were
less likely to explore the centre subzone. Lastly, individuals with high scores for
predator response had less responsive anti-predator behaviours, such as remaining
immobile upon encounter, and thus took less time to resume their prior behaviours.
Although the “predator response”-factor explained less than 10% of the total
variance, this factor was retained as it contained unique factors (ordinal response
ranking and latency to resume behaviours) explaining anti-predator response which
was not represented in the other four factors.
The PCA for the second feeding period resulted in three factors and
accounted for 88% of the total variance (S4; each labeled as (% variance
explained): activity (36.0%), avoidance (33.9%), and shelter use (17.7%)).
Similarly, individuals with high scores for activity were actively mobile through
the entire trial arena and actively approached the food stimulus to feed. Individuals
with high scores for avoidance were immobile in the inflow zone for long periods
and were less likely to explore the outflow zone. Lastly, individuals with high
scores for shelter use spent long periods within the shelter.
The PCA for the behavioural flexibility outputted one factor explaining
57.5% of variance, and unrotated scores were obtained for each individual smolt
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(S5). Individuals with high scores had greater flexibility, meaning they resumed
foraging behaviours post-predator encounter as measured by frequency of
approaches to the feeding tube, frequency to the outflow zone and time spent
within the outflow zone.
The second stage PCA, including all assay factors (Table 2.2) produced
five factors with eigenvalues above 1; however, only three were analyzed further
(as they represented more than 10% of the total variance). The fourth PCA
contained a single factor (predator-related) that loaded, and therefore the original
factor was analyzed instead. The fifth factor was removed from further analysis as
it was not indicative of any behavioural type and contributed to explaining only
7.7% of variance. The three factors were labeled as (% variance explained)
follows: Activity and Food Motivation (22.5%), Willingness to Explore (20.8%),
Shelter Use (19.1%). Individuals with high scores for Activity and Food
Motivation were active across all assays, frequently entered inflow and outflow
zones, and approached the food stimuli often during the feeding periods.
Individuals with high scores for Willingness to Explore were more willing to enter
and explore the various zones and subzones across all assays. Individuals with high
scores for Shelter Use entered the shelter often and spent significant time within
the shelter during the entire trial.
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Generalized Linear Models
Activity and Food Motivation: Smolts from aLR were significantly more active
and motivated to forage compared to smolts from the lWR (p =0.039) (Table 2.3;
Fig. 2.3a). Mass also had a significant effect on activity (p < 0.001), where smaller
fish showed greater activity. Capture method, trial date, time of day, and time
spent in hauler had no significant effects on activity.
Willingness to Explore and Shelter Use: We found no statistical differences
between smolts from aLR and lWR in their willingness to explore (Table 2.4; Fig.
2.3b) or their use of shelter (Table 2.5; Fig. 2.3c). Mass, capture method, trial date,
time of day, and time spent in hauler had no significant effects on either of these
two response variables.
Anti-predator Response and Foraging Flexibility: Smolts from aLR had
marginally weaker anti-predator responses (lower PCA scores) to the predator
decoy compared to smolts from lWR (at the 10% level; p=0.09) (Table 2.6; Fig.
2.3d). Likewise, smolts from aLR showed marginal significantly less flexibility in
feeding behaviour after the predator encounter (p=0.085) (Table 2.7; Fig. 3e).
Mass, capture method, trial date, time of day and time spent in hauler had no
significant effects on these two response variables as well.

Cross-Validation
Five-fold stratified cross-validation results for each model showed an error of 0.99,
1.03, 1.05, 1.02, and 1.56 for Activity and Food Motivation, Willingness to

48

Explore, Shelter Use, Anti-predator Response and Foraging Flexibility,
respectively (Table 2.8). These results indicated that our models generalized well
when considering the naturally skewed-sample sizes between river treatments
(Zuur & Ieno, 2016).

Size Comparisons
Fish from aLR did not statistically differ in mass from lWR smolts (mass (g): 𝑥̅ nontreated

= 51.1 ± 3.4, 𝑥̅ lime-treated = 48.6 ± 1.8; F2,113 = 1.52, p = 0.10); but were

statistically longer (fork length (cm): 𝑥̅ non-treated = 17.7 ± 0.4, 𝑥̅ lime-treated = 16.6 ±
0.2; F2,113 = 2.52. p = 0.02), resulting in a lower condition factor. There were no
morphological differences in smolts based on capture method (all p-values > 0.13).

Discussion
Our study demonstrates that migrating Atlantic Salmon smolts exhibit distinct
behavioural types of Activity and Food Motivation, Willingness to Explore, and
Shelter Use that are consistent across different contexts within our behavioural
trials. Among the types observed, there was strong evidence that smolts captured
from the acidified site had increased activity levels (which also include foraging
motivation) relative to smolts captured from the lime-treated site. Smolts from the
acidified site also had marginally weaker anti-predator responses and marginally
less behavioural flexibility post predator encounters than smolts from the limetreated site. Overall, our results suggest that if the variation we documented
between the two sites is indeed related to the acidification status of the freshwater
rearing habitat, then liming may have the potential to restore some adaptive
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behavioural types of migrating smolts. Our study is among the first to demonstrate
differences in Activity and Food Motivation of wild smolts to liming efforts as
assessed in a streamside capacity, and we discuss our findings in light of
conservation measures. While the expression of a subset of other behavioural traits
differed only marginally between treatments, these findings align with the growing
body of literature demonstrating the potential of acidification to dampen
behavioural responses, and we briefly discuss these ramifications in turn.
Smolts from lWR were significantly less active and less food-motivated,
which is counter to our predictions, as we believed activity to be related to a
healthier energetic state of growth and development (Boisclair & Leggett, 1989).
However, it should be noted that a highly active behavioural type may not
necessarily be advantageous during migration. Salmon smolts typically migrate
during the night when the risk of predation is greatly reduced (Furey et al., 2016).
Considering the behavioural trials within this study were performed during
daylight, smolts from the non-treated river may be experiencing maladaptive
behaviours by having high activity in daytime conditions. This increased activity
during the day may lead to greater predation by visual predators (Sancho, Petersen,
& Lobel, 2000). For example, Klaminder et al. (2014) reported that smolts exposed
to the anxiety-reducing drug, Oxazepam, showed elevated activity which resulted
in increased exploratory behavior, decreased predator vigilance and, ultimately,
reduced survival. Further, Wang et al., (2021) expand upon the concept that
elevated boldness (in this case activity) leads to increased mortality, describing a
survival advantage for increased activity in the absence of predators but a survival
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disadvantage when predators are present. Another significant factor of this
behavioural type included foraging motivation, and smolts from aLR foraged more
than smolts from lWR, which also countered our predictions. We believed smolts
from the lime-treated river would have higher foraging motivation as this is
necessary prior to migration to fuel energy reserves (Brönmark et al., 2014).
Typically, fish from acidified waters (both freshwaters and ocean habitat)
experience a decline in their olfactory and neural perception of food stimuli, and
thus have reduced foraging motivation (Leduc et al., 2013; Jiahuan et al., 2019). A
reduction in foraging may have negative ramifications in terms of growth,
development, and survival of many fish (López-Olmeda, Noble, & SánchezVázquez, 2011). Although our findings suggest that smolts from acidified rivers
possess higher foraging motivation, when taken in the context of the increased
activity of these smolts, this may be indicative of a re-allocation of energetic
resources from growth to activity. Increased activity within the estuary
environment prior to seaward migration may cause significant depletion in energy
reserves, which can reduce migration success (Brownscombe et al., 2017). Activity
levels may be influenced by chemical and developmental changes within brain
tissue as a result of acidification. For example, Porteus et al., (2018) found
increased CO2 to impair the structure and function of the gamma-aminobutyric
acid A (GABA) neurotransmitter pathway in European seabass (Dicentrarchus
labrax), which normally acts as an inhibitory neurotransmitter. Under increased
acidification, the altered ionic gradients impair the function of GABA, causing
excitation rather than inhibition, which may drive excessive activity (Porteus et al.,
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2018). Similar findings of increased activity and anxious behaviour have been
found in California rockfish (Sebastes diploproa) reared in acidified conditions
(Hamilton et al., 2014). Furthermore, while smolts from both treatments have
similar masses, smolts from aLR are significantly longer. Many studies use masslength ratio as an indication of fish condition; so, for a given length, heavier fish
are considered healthier and in better condition, which may have implications for
long term health and survival (Ricker, 1975). This reduction in mass-length ratio
of aLR fish is not necessarily a predictor of potential survival on its own (Zabel &
Achord, 2004), but when considered in terms of behaviour, it may indicate that
aLR smolts may need to continuously feed to maintain their increased activity.
Conversely, smolts from lWR are less active, and therefore may not need to
continuously forage to fulfill their energetic demands.
Regardless of river treatment, fish in their novel surroundings also
displayed behavioural types indicative of unwillingness to explore and high use of
shelter. Although we found no differences in Willingness to Explore and Shelter
Use amongst aLR and lWR smolts, our study was limited to daytime conditions,
where fluctuations in these behaviours may be more prevalent at night (Roy et al.,
2012). Exploring novel surroundings and shelters reduces predation risk, protects
fish from harsh environmental conditions, and adds a level of habitat complexity
that may also contribute to reduction of intraspecific competition (Lima, 1998;
Crowder & Cooper, 1982; Tokeshi & Arakaki, 2011). Evidence shows fish in
shelter-limited surroundings have increased daytime activity, which may lead to
increased predation by visual predators (Larranaga & Steingrimsson, 2015).
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Acidification reduces the exploration tendencies in juvenile meagres (Argyrosomus
regius) (Maulvault et al., 2018), reduces the ability for Ambon damselfish
(Pomacentrus amboinensis) to use the security of a shelter (Lönnstedt et al, 2013),
and impairs the ability for coral reef gobies to choose preferred coral shelter
habitat over non-preferred (dead) coral shelters (Devine & Munday, 2013).
However, the similarity in willingness to explore and shelter use between
treatments may indicate that acidification may not be impacting these neophiliarelated behavioural types at the neuro-physiological or cognitive level of Atlantic
Salmon smolts (Jacquin et al., 2020). Conversely, these behavioural types may not
differ because lime-dosing may not be effective in restoring these behaviours at
this level. Different behavioural tests (e.g., choice test) or sampling smolts
unexposed to acidification would be needed to redress this lack of behavioural
change.
Smolts from the lime-treated river were marginally more responsive to the
predator decoy compared to smolts from the non-treated river, as predicted. While
only marginally significant, this aligns with findings that Atlantic Salmon have
been shown to exhibit dampened anti-predator responses under acidified
conditions (Leduc et al., 2004; 2010). Similarly, coral reef fish (Pomacentrus
amboinensis) exposed to acidification experienced less responsive anti-predator
behaviours when exposed to a predator decoy; they did not decrease their activity
or foraging behaviours when faced with predator threats (Ferrari et al., 2012a). In
some cases, fish exposed to acidification also make less use of shelter when faced
with a predator, leading to greater risk of predation Pomacentrus amboinensis;
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Lönnstedt et al., 2013). Atlantic Salmon smolts from the Nova Scotian Southern
Upland have been shown to experience increased mortalities in the inner estuary,
where migration behaviour was also characterized by extended residency
(Halfyard et al., 2012). Longer residency times, which may increase exposure to
predators, in combination with increased predator abundance and dampened antipredator responses may lead to even greater mortality of migrating smolts
(Hvidsten & Lund, 1988; Jepsen, Holthe, & Okland, 2006). While studies found
reduced post-smolt survival in Atlantic Salmon from acidified waters due to
osmotic and physiological stress (Staurnes et al., 1996; Kroglund et al., 2007;
Järvi, 1989) the anti-predator behaviour of migrating smolts may also have
significant influence on long-term survival and requires further study irrespective
of our marginally supportive findings.
Similar to our results for predator responsiveness, smolts from lWR were
marginally more willing to continue to forage on food following a predator
encounter, when the risk of predation had passed. Reduced foraging flexibility was
demonstrated by smolts being less inclined to attend the outflow zone which
housed the feeding tube, and instead maintaining more active panic behaviours
following the decoy stimulus. These behaviours could have negative implications
for their growth and survival for the remainder of their seaward migration, given
the novelty and abundance of predators smolts will likely be encountering
(Larsson, 1985; Dieperink et al., 2002). Our findings of reduced behavioural
flexibility align with those of McMahon, Donelson, and Munday (2018), who
found juvenile orange clownfish (Amphiprion percula) to be unresponsive to high-
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risk predator encounters, continuing to actively feed in the presence of a predator.
Further study at the physiological level (e.g., circulating stress hormones) would
help to distinguish the stress-coping differences between Atlantic Salmon smolts
from the treated and non-treated rivers (Vindas et al., 2017).
We posit that the differences in Activity and Food Motivation observed in
smolts between the two rivers are due mainly to differences in water chemistry as
impacted by acidification status and/or the beneficial effects of acid mitigation.
Alternative explanations for behavioural differences may include differences in
genetic composition, habitat complexity, and predator abundance between the river
populations. Drivers of genetic structuring in diadromous fish populations can be
explained by Isolation by Distance (IBD) theory or Isolation by Environment
(IBE). The former predicts populations separated by larger geographic distance or
barriers to fish migration are more likely to be different than populations that are
geographically near and well connected (Guillot et al., 2009; Palkovacs et al.,
2013); whereas the latter predicts populations are likely to experience increased
gene flow and, thus, less genetic differentiation when the environments are more
similar; primarily the result of local adaptation (Sexton et al., 2013, Wang et al.,
2013). Following the IBD and IBE theories, we assume that these two sample
groups are unlikely to exhibit significant genetic structuring. First, our two
sampling sites are geographically adjacent with sampling sites separated by only
800m and both occurring within a small primary watershed of only 282 km2.
Further, there are no migration barriers between these two sub-catchments that
would limit the movement of fish and, thus, gene flow. It should be noted,
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however, that the genetic structure of the salmon population within the greater
West River watershed remains largely unknown, with little data to examine
subpopulation structure. Effective population size (Ne) for lWR River was
estimated at ~43 individuals for the 2019 smolt cohort and observed vs. expected
heterozygosity was 0.2980 and 0.2882, respectively (unpublished data1). It is
expected that the Ne would be lower in aLR and thus some genetic divergence may
be possible.
Conditions in which fish are reared can influence interspecific differences
in behaviour through differences in learning within and from the environment
(Ferrari et al., 2012a). Habitat structure and predator abundance may influence
differences in behaviours of smolts in terms of learning, whereby smolts may learn
to use different habitats as shelter or to forage and they may learn to respond
differently to different predators, driving different behavioural types. However, we
also assume that the aquatic environment experienced by these two sample groups
is approximately similar in physical instream habitat, thermal profiles and
predator-ecology with water chemistry making up the only major difference.
Unpublished habitat survey collected by the Nova Scotia Salmon Association
suggests that stream gradient, substrate, instream cover, riparian vegetation and
temperature is comparable between these two sites (NSSA, unpubl.). Further,
electrofishing suggests that the fish communities are similar.

1

Based on analyses of 28 individual smolts captured in 2019. Analyses led by Dr. Sarah Lehnart,
Fisheries and Oceans, St. Johns, Newfound, Canada
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While our study focuses on freshwater acidification, it should be noted that
many past findings of the behavioural impacts of ocean acidification have been
called into question (Clements et al., 2020; Clark et al., 2020). While these past
studies may or may not have reported true effects, it is still important to recognize
that the influence of acidification on fish behaviour can vary with species and
environment. Over multiple generations, it is possible that fish within acidified
regions have acclimated to these new conditions and may possess behaviours
different than those found within populations decades ago. Although some
findings report effects while others find no effect, we believe it is important to
investigate the effects of freshwater acidification as this area is understudied in
comparison to ocean acidification. While both fields investigate anthropogenic
acidification, there are inherent differences between these two environments.
Ocean acidification can have drastic ecological consequences with fractional
changes in pH (Guinotte et al., 2008), whereas in freshwater acidification, the
fluctuations in pH required to bring ecological change may differ. Considering
very few studies report the behavioural effects of freshwater acidification on
migrating Atlantic Salmon smolts, or in turn, the effect of liming as a mitigation
effort, we believe our study still provides useful characterization of the freshwater
environment and liming as a conservation method.
Conclusion
In sum, liming is a technique which aims to restore the natural pH of freshwater
ecosystems that have been acidified through anthropogenic pollution. Our results
are the first to characterize differences in the activity and foraging motivation of
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wild smolts which may be attributed to the differences in lime treatments. Smolts
from the acidified river were significantly more active, and the high foodmotivation of these smolts may be fueling this excessive activity. High activity in
daytime conditions may increase conspicuousness and exposure to predators
throughout migration, which may lead to greater mortalities, although subsequent
detection data showed smolt movements to happen during both the daytime as well
as night (Chapter 3). We suggest freshwater liming efforts to continue, as there is
evidence that this mitigation effort can reduce daytime activity in migrating
smolts, potentially restoring marine survival. Although, more studies are needed to
investigate the effects of liming on fish behaviour, and in particular, whether
liming can restore other adaptive behavioural types of salmon populations in
acidified freshwater rivers. Few rivers within Nova Scotia have been limed, and
although some lakes have been lime-treated, they are poorly documented, limiting
the study of the effectiveness of liming on Atlantic Salmon in Nova Scotia,
Canada. To our knowledge, this is the first study to investigate the impacts of
liming on the behavioural traits of migrating juvenile Atlantic Salmon. Although
our investigation was limited to two river treatments with small sample sizes in
Nova Scotia Southern Uplands, based on availability and natural population sizes,
respectively, we believe our results are applicable more broadly, although further
study is recommended. Investigating the behavioural types of fish is critical, since
migratory behaviours discerned through large spatial-scale studies, such as
telemetry, may be confounded by differences in environmental heterogeneity, and
the behavioural traits of smolts may influence ultimate survival. These results
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further support the notion of carry-over effects where sublethal impacts from one
environment manifest later in another environment. Specifically, it is widely
accepted that salmon exposed to pesticides, low pH, or ionic aluminum while in
freshwater may exhibit sublethal physiological effects that only influence survival
once the fish enter the marine environment (Waring & Moore 2004; Kroglund &
Finstad 2003; Magee et al., 2001; Staurnes et al., 1996; Kroglund et al., 2007).
Therefore, including individual behaviour as a mediating effect places the
physiological impacts of sublethal exposures within a broader ecological context.
We suggest that pairing behavioural research similar to ours with large-scale
biotelemetry research which will allow for a more robust and mechanistic
connection between conservation efforts of liming, individual behaviour,
migratory movement, and the survival of migrating Atlantic Salmon smolts.
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Tables
Table 2.1. Site-specific conditions describing the water chemistry of acidified
Little River (aLR) and limed West River (lWR).
Parameter
Unit
Acidified Little
Limed West River Upper West River
River (aLR)
(lWR)
pH*
5.12 +/- 0.41
5.69 +/- 0.56
5.45 +/- 0.49
(2545)
(217)
(578)
Labile Aluminum µg/l
14.1 +/- 11.9 (15)
23.1 +/- 23.9 (20) 15.0 +/- 15.1 (16)
Calcium
mg/l
0.8 +/- 0.1 (16)
1.43 +/- 0.34 (24) 1.67 +/- 0.35 (20)
Magnesium
mg/l
0.4 +/- 0.1 (16)
0.67 +/- 0.19 (21) 0.84 +/- 0.20 (18)
Conductivity*
umho/cm 24.7 +/- 14.4 (30)
34.5 +/- 6.6 (42)
34.4 +/- 5.1 (56)
*pH and conductivity sample size represent the number of days with
measurements since liming began. For days with multiple samples (i.e., automatic
data recorders), pH data were averaged.
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Table 2.2. Summary of the second-stage principal component analysis of 4 PCAs
from all behaviour assays.
Assay Response

PC1:
Activity
and Food
Motivation
22.499

PC2:
PC3:
Willingnes Shelter Use
s to
Explore
20.818
19.135

PC4: Predator PC5:
Response
Unwilling to
Change
Subzones
9.579
7.678

Percent variance
explained:
Eigenvalue
3.150
2.915
2.679
1.341
Acclimation Factor
0.845
0.099
0.029
0.164
1: Activity
Predator Factor 3:
0.839
-0.090
0.007
-0.092
Activity
1st Feed Factor 1:
0.905
-0.000
0.041
0.250
Activity, Approaches
Food
2nd Feed Factor 1:
0.916
0.013
-0.070
-0.102
Activity, Approaches
Food
1st Feed Factor 2:
-0.030
-0.872
-0.142
-0.051
Inflow Zone Use
Acclimation Factor
-0.149
0.746
0.025
0.085
3: Inflow Use
2nd Feed Factor 2:
-0.021
0.867
0.043
-0.043
Inflow Zone Use
Predator Factor 2:
-0.162
-0.897
0.059
0.065
Unwilling to Leave
Outflow Zone
Acclimation Factor
-0.015
0.051
0.730
-0.428
2: Shelter Use
Predator Factor 1:
-0.072
0.107
0.862
0.135
Shelter Use
1st Feed Factor 3:
0.016
-0.027
0.804
-0.292
Shelter Use
2nd Feed Factor 3:
0.080
0.015
0.850
0.237
Shelter Use
Predator Factor 5:
0.111
0.016
-0.029
0.896
Anti-predator
Response
Predator Factor 4:
0.020
0.051
-0.038
-0.036
Unwilling to Change
Subzones
Bold values indicate PCA loadings above the absolute value of 0.55.
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1.075
0.086
0.053
-0.081
-0.061
-0.189
0.229
-0.155
0.142
-0.056
0.054
-0.169
0.054
-0.049
0.939

Table 2.3. Summary of generalized linear model (Gamma distribution with inverse
link) results for the Activity and Food Motivation behavioural type. (pseudo-r2=
0.28).
Estimate
Standard
t value
Pr (>|t|)
Lower
Upper
Error
Confidence Confidence
Interval
Interval
Intercept
7.147
9.832
0.727
0.469
-11.756
27.031
Location
1.055
0.459
2.299
0.023
0.233
2.064
(lWR)
Capture
-0.577
0.421
-1.371
0.173
-1.528
0.148
Method
(Screw
Trap)
Day
-0.072
0.073
-0.977
0.331
-0.221
0.068
Time in
-0.002
0.002
-0.935
0.352
-0.006
0.001
Holding
Tank
Time of Day 0.113
0.107
1.052
0.295
-0.058
0.351
-3
Mass
0.035
0.009
3.923
1.500x10
0.018
0.053
Bold values significant at the 5% level.

Table 2.4. Summary of generalized linear model (Gamma distribution with inverse
link) results for the Willingness to Explore behavioural type. (pseudo-r2= 0.02).
Estimate
Standard
t value
Pr (>|t|) Lower
Upper
Error
Confidence
Confidence
Interval
Interval
Intercept
1.201
2.929
0.410
0.682
-4.533
6.962
Location
0.070
0.094
0.739
0.461
-0.173
0.277
(lWR)
Capture
0.051
0.114
0.444
0.658
-0.153
0.187
Method
(Screw
Trap)
Day
-0.008
0.022
-0.377
0.707
-0.052
0.035
Time in
-0.000
0.000
-0.881
0.380
-0.001
0.000
Holding
Tank
Time of Day 0.019
0.025
0.772
0.442
-0.025
0.072
Mass
0.003
0.002
1.353
0.179
-0.001
0.007
*Significant at the 10% level.
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Table 2.5. Summary of generalized linear model (Gamma distribution with inverse
link) results for the Shelter Use behavioural type. (pseudo-r2= 0.05).
Estimate
Standard
t value
Pr (>|t|) Lower
Upper
Error
Confidence
Confidence
Interval
Interval
Intercept
-7.954
7.942
-1.002
0.319
-23.578
7.784
Location
-0.494
0.357
-1.385
0.169
-1.202
0.210
(lWR)
Capture
0.178
0.243
0.734
0.465
-0.343
0.621
Method
(Screw
Trap)
Day
0.072
0.061
1.181
0.240
-0.0493
0.192
Time in
0.001
0.001
0.730
0.467
-0.002
0.002
Holding
Tank
Time of Day -0.037
0.057
-0.652
0.516
-0.126
0.097
Mass
0.004
0.007
0.589
0.557
-0.009
0.018
*Significant at the 10% level.

Table 2.6. Summary of generalized linear model (Gaussian distribution with
identity link) results for the Anti-predator Response behavioural type. (pseudo-r2=
0.070).
Estimate
Standard
t value
Pr (>|t|) Lower
Error
Confidence
Interval
Intercept
6.238
10.500
0.594
0.5537
-1.434e+01
Location
0.760
0.444
-1.712
0.090*
-1.629e+00
(lWR)
Capture
0.513
0.334
1.537
0.127
-1.412e-01
Method
(Screw
Trap)
Day
-0.031
0.080
-0.385
0.701
-1.879e-01
Time in
0.002
0.001
1.595
0.114
-5.022e-04
Holding
Tank
Time of
-0.082
0.080
-1.024
0.3079
-2.401e-01
Day
Mass
-0.001
0.008
-0.166
0.8685
-1.688e-02
* Significant at the 10% level.
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Upper
Confidence
Interval
26.818
0.110
1.168

0.126
0.005
0.075
0.014

Table 2.7. Summary of general linear model (Gaussian distribution with identity
link) results for the Foraging Flexibility behavioural traits observed. (pseudo-r2=
0.041).
Estimate
Standard
t value
Pr (>|t|) Lower
Error
Confidence
Interval
Intercept
-7.561
16.480
-0.459
0.647
-39.861
Location
1.179
0.678
1.738
0.085*
-0.150
(lWR)
Capture
-0.675
0.516
-1.309
0.193
-1.687
Method
(Screw
Trap)
Day
0.068
0.125
0.540
0.590
-0.178
Time in
-0.002
0.002
-0.876
0.383
-0.006
Holding
Tank
Time of Day 0.105
0.126
0.833
0.407
-0.142
Mass
0.012
0.012
0.954
0.342
-0.012
* Significant at the 10% level.

Table 2.8. Summary of cross-validation results for all GLMs.
Behavioural type/Behavioural
Root Mean Square Error
trait
Activity & Food Motivation
0.992
Willingness to Explore
1.002
Shelter Use
1.081
Anti-predator Response
1.061
Foraging Flexibility
1.557
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Upper
Confidence
Interval
24.739
2.508
0.336

0.313
0.002
0.351
0.036

R2

Mean absolute error

0.197
0.021
0.056
0.033
0.038

0.753
0.833
0.871
0.864
1.298

Figures

Figure 2.1. Map of study site in West Sheet Harbour, Nova Scotia. “lWR Capture
Site” denotes the limed West River capture site, which housed a smolt trap
(triangle) and a fyke net (circle) approximately 65m downstream from the smolt
trap. “aLR Capture Site” denotes the inland acidified Little River Capture Site,
which housed a fyke net (circle).
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Figure 2.2. (A)Behaviour trial arena. Constructed through the use of plywood and
screws. a indicates the inflow zone. b indicates the inflow tube where West River
water was pumped into the trial arena. c indicates the shelter simulation, a cinder
block. d indicates the barrier separating the trial arena and contained an opening to
allow for free swimming between zones. e indicates the outflow zone. f indicates
the feeding tube, constructed out of a PVC tube screwed into place with a funnel
placed on top. g indicates the outflow hole, where river water was able to
continually flow out during trials. The dotted line around the border was virtually
drawn using Solomon Coder and separates the “centre zone” from the “peripheral
zone”. The length of the interior of the inflow and outflow zones do not add
perfectly to the complete 70 inches because the barrier (d) was positioned on a
slant to allow for maximum view from above, thus the 19inch measurement of the
outflow zone was taken from the top of the barrier. (B) Barrier separating inflow
and outflow zones of the trial arena. The opening within the barrier was cut to the
same height as the level of the water within the arena. (C) Concrete brick acting as
a structure. This concrete cinder block had holes on all four sides and the top,
allowing smolts to swim freely through it.
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Figure 2.3. Differences in scores of behavioural types and responses of smolts
between aLR (acidified Little River, n=17) and lWR (limed West River, n=99).
Least-mean squares plotted, error bars represent standard error. (a) Activity &
Food Motivation, (b) Willingness to Explore, (c) Shelter Use, (d) Anti-predator
Response, and (e) Foraging Flexibility seen between feeding periods with exposure
to predator decoy.
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CHAPTER 3
Exploring the effects of acid mitigation on the behaviours and survival of
migrating Atlantic Salmon (Salmo salar, L.) smolts

Introduction
Migration is an adaptive behaviour which allows animals to exploit resources in
different environments, ultimately providing survival and reproductive advantages
(Milner-Gulland, Fryxell & Sinclair, 2011). Anadromous fish exploit multiple
habitats whereby juveniles grow in the relatively unproductive freshwater
environment, migrate to salt water where they undergo the majority of their growth
and development in the highly productive but relatively riskier habitats, before
returning to fresh water to spawn (Schtickzelle & Quinn, 2007). The migration
life-history stage of fish is accompanied by developmental and physiological
changes that allow fish to perform migratory behaviours. For example, salmonid
fishes experience a process termed smoltification where juvenile fish undergo
endocrine-driven physiological changes that enable them to respirate under
continuously changing water chemistry while maintaining cellular homeostasis
(Stich et al., 2015; Björnsson, Stefansson, & McCormick, 2011). During migration
from fresh water to sea, fish must have sufficient energetic reserves to fuel
migration (Brönmark et al., 2014), they must adjust continuously to dynamic
abiotic conditions such as salinity, temperature, and lighting (Lucas & Baras,
2008); and they must successfully evade novel predators to enter the sea
(McMahon & Matter, 2015; Larsson, 1985; Stich et al., 2015). In addition to
acclimating to these continuously changing conditions, juveniles must migrate
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through the estuary in a timely manner, as increased time within the estuarine
environment can increase the risks of predation (Blackwell & Jaunes, 1998; Källo
et al., 2019; Halfyard et al., 2013; Larsson, 1985; Klaminder et al., 2019).
Migration timing for smolts is critical for survival, and several models have been
proposed, such as a “smolt window” (McCormick et al., 1999) and an optimalitymodel (Halfyard et al., 2013) which propose that smolts have a limited time within
which to begin migration and have an optimal residency time in which to
physiologically prepare to migrate under suitable abiotic conditions and with
limited predation risk. These conceptual models are similar to the trade-off
proposed by Birnie-Gauvin and colleagues (2019) who assessed the cortisol of
migrating Atlantic Salmon and concluded migration timing to be a trade-off
between physiological stress and readiness to migrate.
The time and energy costs of acclimation may be even further amplified by
human-induced water-quality stressors such as freshwater acidification (Liebich et
al., 2011; Kroglund et al., 2007). Air-borne pollution from the burning of fossil
fuels enter fresh waters through acid rain and snow melt run-off (Davies et al.,
1992; Wigington et al., 1996), leading to acid-induced stress and increasing the
toxicity of inorganic elements such as aluminum (Magee et al., 2001; Peterson et
al., 1989; Buckler et al., 1995). Fish reared in acidified freshwaters experience
physiological and osmotic stress, and labile aluminum aggregates within the
sodium-potassium pump (NKA) in fish gills, rendering ion-regulation less
effective, and dampening the development of fish at the neurophysiological level
(Playle & Wood, 1989; Kroglund et al., 2007; Grassie et al., 2013; Jacquin et al.,
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2020). Acidification has been shown to damage unprotected external sensory
organs, and impair internal acid-base balance, respiration, and affect overall health
(Moiseenko & Sharova, 2006; Liebich et al., 2011; Kroglund et al., 2007).
Acidification also impairs smoltification, causing cascading effects on migration,
such as potentially influencing the residency time, movement-reversal patterns,
and ultimate survival of migrating smolts. Atlantic Salmon (Salmo salar) with
low-levels of NKA activity (akin to acidification effects; Playle & Wood, 1989)
experience delayed sea entry and take significantly longer to acclimate to saltwater
conditions (Strand et al., 2011), increasing their risk of predation or missed
opportunities for optimal transition to the marine environment. Although, delayed
migration may also be beneficial as predators may leave habitats as smolt
migration declines throughout the spring. Regardless, extended time spent within
habitats with high predator density can be risky, and Atlantic Salmon smolts reared
under acidified conditions increase their time spent within the inner estuaries
during seaward migration (Magee et al., 2001; Kocik et al., 2009), potentially
contributing to the increased mortalities evidenced in this habitat (Halfyard et al.,
2012; 2013). Indeed, inner estuary habitats can be geographically confined (i.e.,
semi-enclosed channels, Lauff, 1967; Pritchard, 1967) acting as a bottleneck
juvenile fish must pass through, providing ideal locations for both aquatic- and
avian predators to aggregate and successfully feed on prey (Thorstad et al., 2012;
Blackwell & Jaunes, 1998; Källo et al., 2019). In addition to increased residency
time, smolts from acidified waters also show increased number of reversal
behaviours, which are seaward movements followed by upstream movements
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toward fresh water (Magee et al., 2001; Kocik et al., 2009, Halfyard et al., 2013).
Although these reversal behaviours have been associated with the need for smolts
to gradually acclimate to changing temperatures and salinities (Dempson et al.,
2011; Bricknell et al., 2006), these increased reversal behaviours can also increase
conspicuousness, residence time, and energetic expenditures - all of which may
increase the risk of predation. Acidification has therefore been implicated in
intensifying the risks associated with juvenile fish migration, which can lead to
reduced post-smolt survival and, ultimately, population viability.
Migration and movement patterns can also be guided by the underlying
behavioural types of fish (Nilsson et al., 2014; Spiegel et al., 2017). For example,
radio-telemetry studies show that piscivorous Northern Pike (Esox Lucius) were
classified into three movement strategies based on individual activity, and activity
ultimately influenced habitat selection and possibly survival (Kobler et al., 2009).
Behavioural flexibility was found to be key in mitigating upstream movement
patterns of salmonids, where individuals were found to shift to mostly diurnal
movements when predator densities increased during migration (Keefer et al.,
2013). Adaptive behavioural types can therefore allow for timely (and successful)
migration to sea. However, behavioural types of smolts are also susceptible to
change under acidified conditions (Chapter 2). For instance, acidification has been
shown to affect activity (Pomacentrus moluccensis; McCormick et al., 2013;
Pomacentrus amboiensis; Chivers et al., 2014), predator response behaviours
(Salmon salar; Leduc et al., 2006; Leduc, Roh & Brown, 2009), and foraging
behaviour (Pomacentrus amboiensis; Ferrari et al., 2012) in various fish species.
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Ultimately, then, these behavioural traits susceptible to acidification have the
potential to also affect the residency time, movement-reversal, and survival of
migrating smolts.
To repair the ecological damages of freshwater acidification, the most
common restoration approach is the addition of crushed limestone (‘liming’) which
acts to neutralize the pH of freshwaters through the addition of basic compounds
(Clair & Hindar, 2005). Liming has been effective in restoring the natural pH of
freshwater rivers and can restore the suitability of freshwater habitat for fish
(Hesthagen & Larsen, 2003; Clair and Hindar, 2005; Mant et al., 2013), as well as
behavioural types of juvenile Atlantic Salmon (Chapter 2). While liming may
effectively restore some adaptive behavioural traits, it remains unknown to what
extent liming can restore the migration timing, movement, and survival of Atlantic
Salmon smolts, and to what extent the behavioural types of smolts guide these
migration metrics. Here, we investigate the effects of liming efforts on the
behavioural-dependent movement of migrating Atlantic Salmon smolts from two
sub-catchments of a river in Nova Scotia Southern Upland, Canada. One subcatchment has been the subject of acid rain mitigation efforts (instream lime
dosing and terrestrial catchment liming), and one is non-treated and serves as an
acidified control. Freshwater ecosystems within this Nova Scotia region are of
concern due to the intense acid rain the region has experienced over the last several
decades, combined with thin soils that are poor in base cations – two factors that
have led to the acidification of many watersheds along the Atlantic coast of Nova
Scotia (Kerekes et al., 1986; Watt, 1986). This acidification has caused the
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mobilization of naturally occurring metals, such as aluminum, which become
biologically-toxic under acidified conditions (Sterling et al., 2020); a combination
known to impact Atlantic Salmon populations in this region and elsewhere
(Kroglund & Finstad, 2003; Watt, Scott & White, 1983). Several telemetry studies
have investigated migration patterns and post-smolt survival of Atlantic Salmon,
including those impacted by freshwater acidification; however, it is challenging to
discern if these findings are the result of individual differences in the behavioural
traits of smolts or the environmental differences individual smolts encounter
during their migration. In this current study, we implanted coded acoustic
transmitters in a subset of behaviourally typed smolts. We aim to determine if
smolts from the limed and unlimed sub-catchments have different migration
residency times, reversal behaviours and apparent survival. We also aim to
determine if the behavioural types of migrating smolts have any influence on the
above migration metrics. We predict that smolts from the lime-treated river will
spend less time traversing the challenging rapids that occur prior to reaching the
estuary. We also predict smolts from the lime-treated river to exhibit shorter
residency times in both the inner and outer estuaries (as this would equate to
earlier migration) compared to smolts from the non-treated river. We also predict
that smolts from the lime-treated river will perform fewer migration reversals and
will have greater overall survival. Lastly, we predict that the behavioural types of
individual smolts will influence these migration behaviours and survival.
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Methods
Study Site, Capture and Tagging of Smolts
Our study comprised two sub-catchments in the West Sheet Harbour, Nova Scotia
(see Chapter 2, Fig. 2.1). One sub-catchment has been the subject of acid rain
liming mitigation efforts (West River, also referred to as “lWR”, 44.958536, 62.617743) and the other sub-catchment is a tributary that remains acidified and
serves as a control (Little River, also referred to as “aLR”, 44.953322, 62.610942). While these two sub-catchments are separate (the mouth of each is
less than one kilometre apart), they diverge from the same watershed and have
experienced the same acidification history. lWR has had an automated lime doser
located 22km upstream from the location of smolt sampling since approximately
2005, and a second lime doser was installed in 2017 on the major tributary to this
portion of the watershed, also approximately 22 km upstream from the sampling
site. Combined, these lime dosers deposit 600-850 metric tons of crushed
dolomitic limestone (CaMgCO3) each year, buffering the lWR to a pH of about
5.5, an optimal range for juvenile Atlantic Salmon (Watt, 1986). For more
information on specific conditions of these two sites, see Chapter 2 (Methods and
Table 2.1).
We captured 116 smolts from lWR (n=99) and aLR (n=17) from May 5 to
10, 2019 using a 1.5m rotary screw trap (aka smolt wheel, E.G Solutions, INC.,
Corvallis, Oregon) at the lWR site, and a 1.0m fyke net outfitted with a baffled
hold bin on the cod end of the trap in both the lWR and aLR sites. We recovered
smolts from traps each morning (0800h) and moved them to coolers before placing
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them in holding tanks (600L) in which lWR water was continuously pumped
through. We performed stream-side behaviour trials on all 116 smolts to
investigate the behavioural types and traits of migrating smolts (see Chapter 2
Methods). After performing streamside behaviour trials, a subset of smolts were
held in 19L tanks in a 600L flow-through container in preparation for surgical
implantation of coded acoustic transmitters. Smolts with fork length of 15cm or
greater were considered for surgery. We implanted coded VEMCO V8 transmitters
(VEMCO, Halifax, NS, Canada) in the abdominal cavities of smolts from lWR
(n=54; mean mass ± se, range: 49.55 ± 1.52, 35.9-84.7g, mean fork length ± se,
range: 17.11 ± 0.16, 15.3-20.5cm) and aLR (n=17, mean mass ±, range: 51.12 ±
2.76, 33.3-77.1g, mean fork length ± se, range: 17.42 ± 0.29, 15.7-20.2cm)
following the methods outlined in Halfyard et al., (2012). In brief, smolts were
anaesthetized using a 100-ppm dose of tricaine methane sulfonate (MS-222,
Syndel Laboratories, Nanaimo, BC, Canada). Surgical time durations ranged from
2 to 3 minutes, with approximately 10% lasting up to 4 minutes, during which fish
gills were irrigated with a well-oxygenated maintenance dose of anesthetic (30
ppm). Smolts were held overnight for recovery in a 600L holding tank with lWR
continuously pumped through. Inherent in biotelemetry investigations is the
potential for surgery to influence behaviour, as long-term recovery has been
associated with improved survival rates (Daniel et al., 2021). While it is important
to ensure telemetry data is demonstrative of natural animal movement and not
influenced by the stress of surgery, it is also important to consider the long-term
effects of surgical recovery in an unnatural environment. In our investigation,
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smolts were released the morning after surgery at 0800h in lWR (44.95855, 62.61775). Smolt movement was measured approximately seven days after tag and
release, which may reduce the influence of stress on detected movement
behaviours, considering one day recovery has been sufficient for juvenile Atlantic
salmon to resume natural behaviours (Moore et al., 1998). One smolt from aLR
died overnight, at which point the acoustic transmitter was removed, sterilized, and
implanted into another smolt.
We deployed acoustic receivers (VEMCO VR2W and VR2W-AR)
throughout the estuary of the lWR (see Fig. 3.1), which we categorized as the
following habitats: freshwater, inner estuary, middle estuary, outer estuary, and
ocean. The inner estuary is highly stratified with the upper 1-2m layer of water
typically low salinity (5-15 ppt salinity) whereas bottom water layer is usually 2832 ppt salinity. The middle and outer estuaries are less stratified and typically have
full-strength sea water (32-35 ppt salinity) to only mildly dilute seawater during
periods of high river flow (28-32 ppt salinity). Receiver deployment depth ranged
from 1.7m to 19m. Detection data were recovered from receivers in early July,
approximately two weeks after the last smolt was detected leaving the estuary. We
used VEMCO VUE software (https://support.vemco.com/s/) to initially analyze
and clean detection data. False detections were removed, such as single detections
of valid IDs at receiver locations that were biologically unlikely based on the
distance and time since the previous detection. Two smolts were never detected
after release, which may be associated with tagging and/or handling-induced
mortality (detected from lWR: n= 52 of 54; detected from aLR: n= 17 of 17), and

88

these fish were removed from subsequent analyses (see Fig. 3.2 for visualization of
continuous, non-standardized detections). Detection profiles of some smolts may
be indicative of death (i.e., continuously detected in one habitat). Conversely, these
detection profiles may be indicative of smolts residing within a habitat for some
time before detections eventually ended. For the purposes of this study and to
avoid committing type II errors (as outlined earlier), we presumed these fish were
alive.
Behavioural Type Investigation
Briefly, the stream-side behaviour trials we performed consisted of 4 tests: an
open-field test, a food-motivation test, a predator-response test, and a follow-up
food-motivation test. These trials lasted 40 minutes and enabled the determination
of a suite of behavioural traits, which include: Activity and Food Motivation,
Willingness to Explore, Shelter Use, Anti-predator Response and Foraging
Flexibility. The result of a principal components analysis with a varimax rotation,
these factors are not correlated with one another; therefore, a smolt exhibiting a
high (or low) score for one behavioural type scored average for all others. In sum,
smolts with a high score for Activity and Food Motivation were highly mobile
throughout the trial and actively foraged in the behavioural trial. Those with high
Willingness to Explore scores demonstrated activity across different zones of the
arena throughout the trial. High Shelter Use scores were indicative of smolts that
actively made use of shelter regardless of the assay. Lastly, high Anti-predator
Response scores were indicative of smolts’ inability to reduce predation risk.
Foraging Flexibility was independently assessed, and high scores reflected the
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ability of smolts to continue foraging post-predator encounter. Results from the
behaviour study (Chapter 2) revealed smolts from lWR possess traits that are less
Active and Food Motivated. For more detail on these behaviour trials and
behavioural types, see Chapter 2 Results and Discussion.
Residency Time
To calculate migration residency time, detections from receivers within each
habitat were used to assess the following residency metrics: time to traverse
freshwater falls, time in inner estuary, time in outer estuary, and overall residency
time from release to last detection at the outer estuary. The falls section of West
River is located immediately above the head-of-tide and consists of a series of
small waterfalls and heavy rapids with an average gradient of 3.7% and dropping
19m of elevation over a river length of just 510m, but with most vertical drop
occurring as the river is forced over a series of bedrock ledges (individually 1-3m
elevation drop). The time difference between the time of detection at the
freshwater acoustic receiver (with effective detection range located just 100m
above the rapids) and the first detection by an estuary receiver below the falls were
used to estimate the time to traverse the freshwater waterfalls. Similar timebetween-detection data were used to calculate residency within the inner estuary,
time spent in the outer estuary, and time from release to last detection at the outer
estuary. Not all smolts were detected in each habitat, therefore analysis was limited
to those smolts detected in each habitat, or those known to have traversed habitats
because of detection in subsequent habitat (i.e., further along the migration route).
We then performed Generalized Linear Models (GLM) using the following fixed
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effect covariates: capture location (categorical: lWR or aLR), the behavioural
types (continuous: Activity and Food Motivation, Willingness to Explore, Shelter
Use, Anti-predator Response, and Foraging Flexibility), fork length and fish
condition (continuous; Barnham & Baxter, 1998) to determine if lime-treatment or
the underlying behavioural types had any significant effect on residency time. We
used a Gamma distribution with an inverse link as these time events were positive
and not normally distributed (Thom, 1958; Wilks, 1995). Model residuals were
visually analyzed for normality using diagnostic Q-Q plots during final model
selection.

Reversal Behaviours

We deemed that smolts exhibited reversal behaviours when their seaward
migration was interrupted by changes of direction and the smolts moved back
upwards the river mouth to a distinct and different habitat (for example, reversed
from outer estuary to mid-estuary). Reversals were analyzed using ggplot2
(Wickham, 2011) by graphing the displacement of each smolt between successive
detections throughout their migration path. After graphing the migration path for
each smolt, reversal behaviours were counted for each directional change along the
landward-seaward axis. Considering detections were not continuous, there exists
the possibility that not all reversal behaviours performed were counted. A large
proportion of smolts never performed reversals, necessitating the use of a ZeroInflated Negative Binomial model (as data were also overdispersed), and using
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reversal number as the response variable, and capture location, behavioural type
scores, fork length and fish condition as main effects.

Mark-Recapture Modelling
As smolts migrated past an acoustic receiver their transmitter identification code
was recorded. Using these data, survival can be estimated as the portion of tags
detected at each station divided by the number of tags released. However, this
assumes that all fish/tags migrating past a receiver are detected (i.e., 100%
detection efficiency), which is not always the case with acoustic telemetry
equipment (e.g., Melnychuk, 2012; Kessel et al., 2014). To address this issue, we
used mark-recapture modelling to improve survival estimates by accounting for
imperfect detection efficiency at each receiver location, where detections at each
group of receivers (distinct habitats) were aggregated and treated as ‘sampling
events’ and the spatial distance between receivers was treated as the time between
sampling events. The approximate length (distance) of each river segment was
estimated and incorporated into the models as time. This space-for-time
substitution of mark-capture models has been widely used for acoustic telemetry
studies on migrating anadromous fishes (e.g., Halfyard et al., 2013; Dudgeon et al.,
2015; Cook et al., 2018). This method of model creation allowed for the
determination of survival rates per river segment along with recapture probabilities
within each river segment.
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We constructed capture histories for each smolt, where 0 denoted that a fish
was undetected and 1 denoted that a fish was detected at acoustic receiver arrays
covering the migration path from release to the sea. We built Cormack-Jolly-Seber
(CJS) mark-recapture models to determine the apparent survival of smolts, which
is a survival estimate that is limited by the inability to differentiate between
mortalities and permanent emigration of smolts (Lebreton et al., 1992; Cormack,
1964; Jolly, 1965; Seber, 1965). A pool of candidate models, including the global
model (using all predictor variables: capture location, behavioural-type scores, fork
length and fish condition) and nested (i.e., reduced) models were created, with the
most parsimonious one selected based on AICc (Burnham & Anderson, 2004).
Parameter estimation and post-hoc analyses were limited to only the most
parsimonious model. The apparent survival of the final model was standardized to
reflect survival per kilometer (km) of migration. For all analyses, we report
findings below the 10% significance level to limit the reporting of false negatives,
which is critical when reporting on conservation biology projects (Taylor &
Gerrodette, 1993; Mapstone, 1995; Di Stefano, 2003). We also report r2 values and
confidence intervals which combine statistical significance, precision testing, and
goodness-of-fit to allow for further interpretation (in light of statistical-power
limitations) and comparison to other findings, rather than following a dichotomy of
reporting significance versus non-significance (Fidler et al., 2006; 2018; Cameron
& Windmeijer, 1997; Cumming, 2008).
All statistical analyses were performed in R version 4.0.2. We used the
following packages: ggplot2 and ggpubr for visualization of reversal data,
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telemetry detection data, and model data (Wickham, 2011; Kassambara &
Kassambara, 2020); dplyr for manipulation of data (Wickham et al., 2017); lme4
(Bates et al., 2012) and glmmTMB (Magnussen et al., 2020) for model statistical
analyses; Marked for CJS model analysis (Laake, Johnson & Laake, 2019); MASS
for data exploration (Ripley, 2021); pscl for assessment of zero-inflated models
(Jackman, 2020); lsmeans to calculate least-square means (Lenth & Lenth, 2018);
sjstats for confidence interval calculations (Lüdecke & Lüdecke, 2017); rsq
(Zhang, 2021) and performance (Lüdecke et al., 2020) for pseudo-r2 analysis; and
car to assess for multicollinearity of the predictor variables (Fox et al., 2020).
Variance inflation factors (VIF) for predictor variables were assessed, and the
variable Behavioural Flexibility was removed in a subset of models as it was
highly associated with Activity and Food Motivation (VIF score above 5)
(Akinwande, Dikko & Samson, 2015).

Results
Summary of Detections
Of the 69 smolts tagged, 67 were detected in the freshwater habitat after a week of
tag and release; 16 from aLR, and 51 from lWR. Only 63 smolts were
subsequently detected in the inner estuary within 2-3 weeks of tag and release; 15
from aLR and 47 from lWR. In the outer estuary, 26 smolts were detected within
2-4 weeks of tag and release; 6 from aLR, and 20 originating from lWR. 23 Smolts
were detected at the first ocean receiver line (“SR”, see Fig. 3.1) approximately a
month after tag and release; 4 from aLR and 19 from lWR. Lastly, only 9 smolts
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were detected approximately a month after tag and release at the outer ocean line
(“MR”, see Fig. 3.1); 1 from aLR and 8 from lWR.
Residency Time
The time required to traverse the waterfalls was (mean ±SD, range): 0.48 ± 0.45.
0.12-2.41 days/km for lWR; 0.37 ± 0.29, 0.13-0.95 days/km for aLR and the total
migration to traverse the falls was 1.25km. There was no evidence that the time to
traverse the waterfalls was influenced by sampling site, behavioural types (Activity
and Food Motivation, Willingness to Explore, Shelter Use, Anti-predator Response
and Foraging Flexibility), fork length nor fish condition (GLM, p >0.05, see Table
3.1, Fig. 3.3a).
Likewise, we found no support for the inclusion of sampling location as a
predictor variable in the GLM for residency within the inner estuary (lWR mean
±SD, range: 2.68 ± 2.92, 0.00-13.56 days/km; aLR: 3.68 ± 4.48, 0.00-13.92
days/km, see Table 3.2, Fig. 3.3b). However, Activity and Food Motivation did
have a marginally significant effect (p = 0.077), whereby smolts that were more
active and food-motivated during behavioural trials exhibited longer durations
within the inner estuary. Willingness to Explore and Anti-predator Response also
had marginally significant effects (p = 0.059 and 0.063, respectively), whereby
smolts with less Willingness to Explore their surroundings spent longer within the
inner estuary, and those with more responsive Anti-predator Responses spent
marginally longer within the inner estuary. Lastly, fork length had marginal
significance (p=0.057), in which smolts that had longer fork lengths spent
marginally shorter durations within the inner estuary.
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We found no support for the inclusion of sampling location as a predictor
variable in the model for residency within the outer estuary (lWR mean ±SD,
range: 0.10 ± 0.10, 0.02-0.36 days/km; aLR: 0.74 ± 1.36, 0.02-3.49 days/km, see
Table 3.3, Fig. 3.3c). Anti-predator response had a marginally significant effect
(p= 0.084), in which smolts that were less responsive to predator encounters spent
significantly more time within the outer estuary. There was no support for
inclusion of the remaining behavioural types, fork length or fish condition in the
residency within the outer- estuary model.
Lastly, we found no support for sampling location as a predictor for total
residency time from release to last detection in the outer estuary (E5-E9, see Fig
3.1.); (lWR mean ±SD, range: 1.50 ± 0.36, 0.19-1.82 days/km; aLR: 1.71 ± 0.20,
1.46-1.92 days/km, see Table 3.4, Fig. 3.3d). There was no support for the
inclusion of the behavioural types, fork length nor fish condition either for total
residency time.

Reversal Behaviours
We found no effect of sampling location on the likelihood of performing a reversal
behaviour (42%, or 22 of 52 from lWR performed at least one reversal, and 47%,
or 8 of 17 from aLR performed at least one reversal). We also found no statistical
differences between treatments in terms of number of reversal behaviours
performed by smolts (lWR mean ±SD: 2.4 ± 3.48, aLR mean ±SD: 1.82 ± 2.77,
see Table 3.5, Fig. 3.4). None of the behavioural types, fish condition nor fork
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length had significant effects on the likelihood of reversals performed, however,
fork length did have a marginally significant effect (p=0.08) on the number of
reversals performed, whereby longer smolts performed marginally more reversal
behaviours.

Apparent Survival
We found the most parsimonious CJS model to include survival and recapture
probabilities dependent only on river-segment, with the best suited model
garnering > 97% of the weighting (Table 3.6), and with the location of the fish
along the migration path having the greatest influence on survival. Phi (apparent
survival) values were 0.99/km for freshwater, 0.92/km travelled for the inner
estuary prior to the head-of-tide, 0.79/km for inner estuary past the head-of-tide,
0.93/km for mid-estuary, 0.96/km for outer estuary and 1.0/km 0.99/km for the
two ocean habitats (Fig. 3.5). These survival rates are estimates specific to each
habitat zone. However, the estimated decline in survival is perpetuated throughout
the entire migration route. Total survival was calculated by using the survival rate
for each habitat raised to the power of each specific habitat distance. This value
was calculated for each habitat, and all final values were multiplied to estimate
survival across all segments, and the final estimate was approximately 39.1%.
There was no support for capture location, underlying behavioural types, fork
length or fish condition as covariates influencing apparent survival and recapture
probabilities (Table 3.7). Although survival significantly declined in the inner
estuary, the probability of recapture was relatively high and comparable to the
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surrounding river segments, indicating this decline in survival is not an artifact of
gear performance. Recapture probability was lowest in the ocean habitat (“MR”
receiver line, see Fig. 3.1.).
Discussion
Our multidisciplinary investigation aimed to determine foremost whether liming
efforts have any impact on the migration behaviours and success of Atlantic
Salmon smolts. We further aimed to characterize smolt migration behaviours and
discern if underlying behavioural types influenced successful migration. We found
Atlantic Salmon smolts from two different sampling locations (one lime-treated
and acidified) within West River watershed in Sheet Harbour, Nova Scotia,
Canada to not differ in their migration residency times, reversal behaviours nor
apparent survival. We also found the underlying behavioural traits of migrating
smolts to not strongly influence these migration metrics. However, we did find
relatively poor survival in the inner estuary for smolts in general. Here, we discuss
the extent to which liming can restore the behaviour-dependent movement of
migrating smolts. Further, while the expression of a subset of behavioural types
only weakly influenced migration behaviours, these findings align with the
growing body of literature showcasing behaviour-dependent dispersal, and we
briefly discuss these ramifications in turn.
Our general findings of a lack of a treatment effect of liming run counter to
our predictions as we expected smolts from the lime-treated river to have more
optimal residency times. Instead, the average residency times in each habitat were
similar between aLR and lWR, and the average total residency time of smolts from
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both averaged between 1.5 and 1.9 days/km, similar to optimal times suggested in
prior studies (between 1.5 and 2.5 days/km) for migrating juvenile Atlantic Salmon
from acidified and acid mitigated rivers (Dempson et al., 2011; Halfyard et al.,
2013; Davidsen et al., 2009). Given our results, it appears smolt residency times in
estuaries may be insensitive to the effects of acidification. However, there may still
potentially be indirect effects of liming, given the (albeit weak) influence of
underlying behavioural traits of smolts on residency time. In a previous study
(Chapter 2), we found aLR smolts to be more active and food-motivated than their
lWR counterparts, which we argued was not an adaptive trait, given aLR fish are
lighter in mass (thus energy is being used to support activity, not growth), and
these risky behaviours are being expressed during daytime. Here, while marginally
significant, smolts that were significantly more active and food-motivated during
streamside behaviour assays (Chapter 2) spent marginally longer times in the
highly dynamic inner estuary habitat. Time spent within the inner estuary is risky,
as smolts take the time to acclimate to saltwater conditions and are therefore at a
greater risk of predation from both avian and aquatic predators (Halfyard et al.,
2013; Dieperink et al., 2002; Blackwell & Juanes, 1998). Indeed, we found
survival of smolts to be lowest within this habitat. Because activity and foraging
behaviour are such critical behavioural markers for fish species (Mittelbach et al.,
2014) and are associated with survival (Werner & Anholt, 1993), the impact of
liming deserves further inquiry, such as incorporating fish metabolism (e.g.,
aerobic scope) and physiology (e.g., lactate, glucose) to further discern liming
efforts on behavioural types and migration. Fork length also had marginal
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significance on migration behaviour, whereby fish with longer fork lengths
remained in the inner estuary for marginally shorter periods. Our findings align
with studies that found migration of juvenile Arctic grayling (Thymallus arcticus,
Heim et al., 2016) to migrate sooner than their shorter counterparts, as well as
findings in Chinook salmon (Oncorhynchus tshawytscha) migrating downstream
(Beckman, 1998). The reduced migration timing may be explained by the faster
rates of swimming found in juvenile salmonids with longer fork lengths (Peake,
McKinley & Scruton, 1997; Peake & McKinley, 1998). Because smolts from aLR
are significantly longer than those from lWR (although not heavier; Chapter 2), our
findings indicate the potential for multiple different pathways to influence
residency times.
We found no direct treatment effect on the likelihood of performing a
reversal, nor on the number of reversals performed by smolts between liming
treatments, which countered our predictions as we believed reversals would
increase in aLR fish due to the reduced physiological preparedness and lessadaptive behavioural traits of smolts from acidified rivers (Halfyard et al., 2012;
see also Chapter 2). Instead, our results are in support of other studies that found
Atlantic Salmon smolts from acidified rivers to not perform significantly more
reversals than those from non-acidified rivers (Halfyard et al., 2012). Our findings
that 42% of detected smolts performed at least one reversal behaviour, and the
average number of reversals performed to be 2.6, are below the proportion of 79%
performing and average of 4.6 reversals from this region in the past (Halfyard et
al., 2012). Although reversal behaviours have been demonstrated to be unrelated to
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survival in prior studies (Halfyard et al., 2013), these behaviours are typically
performed as a response to increasingly saline conditions; and have been
performed by smolts from both acidified and non-acidified rivers (Dempson et al.,
2011, Martin et al., 2009). Smolts that experience physiological stress move
landward to acclimate to less physiologically demanding conditions before finally
moving seaward (Kocik et al., 2009). It may be that reversal behaviours are guided
more strongly by the changing conditions of the environment, such as temperature
and salinity (Dempson et al., 2011; Bricknell et al., 2006), and less so by
underlying behavioural types of smolts; indeed, no behavioural types were
associated with reversal likelihood or number of reversals performed. However,
fork length did have marginal significance; of those that performed reversal
behaviours, longer smolts performed more in number. While smolts with longer
fork lengths performed marginally more reversal behaviours, this may add insight
to the overarching topic of migration as an adaptive strategy, and more
specifically, migratory patterns. For example, researchers found Atlantic Salmon
smolts in better condition (mass to length ratio) to remain residents, whereas those
in lower condition migrated towards the ocean (Crossin et al., 2016). Crossin and
colleagues (2016) postulate that smolts with lower condition may need to migrate
to fulfill their energetic demands; it may be more beneficial for these individuals to
feed in the marine environment compared to residents in higher condition, which
can afford to forage in less productive freshwater habitat. Although we were not
comparing migratory versus resident individuals, and there is no evidence of
resident behaviour for the West River population, reversal behaviours may
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potentially be driven by inner energetic states in addition to environmental
conditions. Considering longer smolts are from aLR, which are significantly more
active and food-motivated, aLR smolts may rapidly deplete energetic reserves,
which are used throughout migration and may influence survival (Larsson et al.,
2011). The internal energetic state of smolts in combination with the
environmental conditions (salinity, temperature) may drive reversal behaviours;
smolts that are energetically depleted may swim upstream to acclimate further as
well as forage before migrating downstream. However, more direct studies of
reversal behaviours which also include covariates such as energetic states, diet,
salinity, and temperature may need to be done to confirm this.
A crucial goal of conservation efforts involving liming is to increase both
in-river survival of juvenile salmon and the fitness of smolts leaving the river to
ensure greater ocean survival of post-smolts. This impact would in turn potentially
increase adult return rates, and thus overall population health (Hesthagen, Larsen
& Fiske, 2011). However, we found that liming did not significantly increase the
survival of smolts from the lWR compared to smolts from the aLR. We also found
no behavioural influence of survival. Our findings, however, align with other
published studies, in that post-smolt survival was lowest within the inner estuary
(Vollset et al., 2016; Hvidsten & Møkkelgjerd, 1987; Halfyard et al., 2013) with
smolts from both the lime-treated and unlimed river segments showing poor
survival. While the survival of smolts differs from year to year, the apparent
survival of smolts declining to approximately 0.79/km of migration in the inner
estuary and 39.1% total survival is similar (although slightly lower) to the survival
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rates (approximately 0.8/km in the inner estuary, and 59% average total survival
across multiple rivers) found in prior years (Halfyard et al., 2012). Our findings
can therefore be used to provide further assessment of the health of Atlantic
Salmon populations and suggest liming to not yet have a direct, measurable effect
on this fitness metric. Additionally, it should be noted that the underlying
behavioural traits of smolts may potentially influence marine survival of postsmolts, but the mortality in the inner estuary is excessively high, which may
eliminate the evidence of long-term behavioural advantages during migration.
Interestingly, fork length (as well as fish condition) had no significant effect on the
apparent survival of smolts, which differs from most telemetry studies on the
survival of Atlantic Salmon smolts (Halfyard et al., 2013; Chaput et al., 2019).
Smolts from this study were smaller (mean fork length ± se; range:17.18 + 0.14,
15.3-20.5cm) than smolts from past studies within this region from data collected
in 2008 (20.1 ± 1.0, 18.4-22.2cm), 2009 (19.1 ± 1.1, 17.9-21.6cm), and 2010 (19.5
±1.7, 17.4-25.0cm). However, in a previous study, smaller smolts from lWR were
found to have greater survival (Halfyard et al., 2013); and smaller Atlantic Salmon
smolts have also been found to have greater nocturnal activity and less day-time
activity compared to their larger counterparts (Ibbotson, Beaumont & Pinder,
2011). Given that the larger smolts from aLR in our study had increased day-time
activity compared to smolts from lWR (see Chapter 2), there exists the possibility
of longer-term carry-over effects occurring in post-smolts. The underlying
behaviours of smolts may allow for survival in freshwater habitat, which has avian
predators such as red-brested merganser (Mergus serrator), Belted Kingfishers
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(Megaceryle alcyon), and double-crested cormorants (Phalacrocorax auratus),
among others, but the habitat of freshwater is large, and predation is diffused
across a larger area. Conversely, once smolts enter the estuary environment, they
are confined to small spatial areas, and the risk of encountering aquatic and avian
predators is increased (Mather, 1998; Hedger et al., 2011; Thorstad et al., 2016).
While we suggest smolts from lWR to have phenotypes (i.e., represented by a
higher fish condition) more suited for migration, a diversity of phenotypes within
populations may allow for population persistence. For example, researchers
suggest that environmental heterogeneity within habitats may allow for greater
diversity of phenotypes, and potentially survival of populations in environments
undergoing anthropogenic change (Schindler et al., 2010; 2015). Phenotypic
diversity would be facilitated by the environment, as genes interact with the
environment to form phenotypic plasticity (West-Eberhard, 2003). Indeed,
phenotypic diversity would allow for populations to persist through ecological
change, and if abiotic or biotic conditions change by which the phenotypes of lWR
are selected against (for example, if size-selected predation shifts), the phenotypes
of lWR smolts may become maladaptive and could potentially lead to population
decline.
One of the main findings in our study is the significant drop in apparent
survival within the inner estuary. The total area of this habitat is approximately
1.31 km2, which is characterized by a tidal range of 0.3 to 2m and a maximum
depth of approximately 15m. Approximately 73% of this habitat is about 3m in
depth, and approximately 3% is greater than 5m in depth. Previous telemetry work
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suggests that post-smolts spend most of their time at depths less than 3-5m
(Davidsen et al., 2008; Renkawitz et al., 2012). Current flow is highly dynamic
and non-empirical observations suggest conditions in the inner estuary to be
comparable to other portions of the estuary. From the perspective of conservation
planning, in addition to in-river acid mitigation, conservation efforts may need to
specifically target this habitat. Predator type and/or abundance should be
investigated in this habitat, as predation is likely the major contributor to the
increased mortality in this zone (Thorstad et al., 2012). Methods to reduce
predation events comprise non-lethal predator harassment and predator culling.
Harassment has been demonstrated to improve the survival of Atlantic Salmon
post-smolts, allowing individuals to migrate past areas of high predation pressure
(Hawkes et al., 2013). Predators such as double-crested cormorants
(Phalacrocorax auratus) can be continuously driven away during daylight hours
(when predation is highest for these sight-based predators). The removal of
predators tends to be highly controversial and often the benefits are short-lived and
costly (Lennox et al., 2018). These various methods can be implemented in the
inner estuary alongside long-term restoration methods such as lime-treatment in
freshwater habitat during the “smolt window”, potentially improving the survival
and adult return rate of Atlantic Salmon.
Our study was limited in its ability to discern a statistically clear (Duschoff
et al., 2019) effect of liming (and to a certain extent, underlying behavioural types)
due to large interindividual variation in migration behaviours of smolts, driven, in
part, by small, skewed sample sizes. Also, only two river treatments investigated,
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both of which remain well below the acidified conditions reported by other studies
that identified behavioural impacts (e.g., Leduc et al., 2006; Leduc, Roh & Brown,
2009). This system is the only one undergoing liming treatment in which the rivers
are closely matched ecologically, and fish populations matched genetically. Other
factors can also potentially obscure the ability to detect mitigation effects and
behavioural-type influences on movement. Predator abundance, which can vary
yearly, affect migration success, and may contribute to the high mortality rate in
the inner estuary (Thorstad et al., 2012). Additional factors such as salinity and
hydrology may influence migration timing, movement patterns, and ultimately,
survival, as migrating Atlantic Salmon smolts have been found to select lowsalinity water and make use of currents to reduce energetic costs of migration
(Stich et al., 2016). Despite these studies, liming may have some promise in
restoring adaptive underlying behaviours such as activity levels, food-motivation
and anti-predator responses (Chapter 2), which in turn have been shown to have a
marginal effect (below the 10% statistical level) on a subset of migration
behaviours. These findings align with and provide growing support for recent
studies investigating the link between behaviour and movement ecology. For
example, boldness has been found to be a predictor in the migration behaviour of
partial migratory freshwater roach (Rutilus rutilus), whereby bolder individuals
were more likely to migrate than shy individuals (Chapman et al., 2011). Similar
studies show seasonal changes in personality traits, such as activity, boldness, and
exploration, are responsible for the large dispersal bouts in invasive fish, such as
mosquitofish (Gambusia holbrooki) and Bluefin Killfish (Lucania goodei) (Hoch
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et al., 2019). Predictive modelling shows that behavioural traits such as activity,
associability, and boldness can predict the spatial dispersal of invasive fish (Hirsch
et al., 2016). Similarly, the underlying activity of Atlantic cod (Gadus morhua),
characterized by boldness, exploration, and aggression, was found to be a predictor
of home range size, whereby less active, or “reactive” individuals reduced home
range size with increasing temperature (Villegas-Ríos et al., 2017). Emerging
behaviour-dependent movement studies are forming the basis for researchers to
form large-scale mechanistic frameworks which seek to discern how underlying
behaviour, as well as bioenergetics and physiology, are forming consistent
behaviour-dependent movement syndromes in animals (Campos-Candela et al.,
2019), and our study contributes to this growing research field.

Conclusion
Liming is a mitigation technique that attempts to restore the freshwater
environment through the continuous addition of basic compounds which make
river water chemistry better suited for aquatic life. Despite the mounting evidence
supporting liming as an effective restoration technique to recover Atlantic Salmon
populations from the effects of freshwater acidification, this is among the first
studies to investigate effects of liming on migration behaviours, and particularly
during the smolt stage. Our findings did not provide strong evidence smolts
originating from the two sites of contrasting acid mitigation differed in migratory
behaviour or early marine survival. However, evidence of marginal effects of
behavioural types of smolts on migration behaviour warrants further research. Our
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findings add new insight to these mitigation efforts, as we implemented a unique
multidisciplinary approach to investigating the migration behaviour of smolts
while also assessing the extent to which liming efforts help restore migration
success. We suggest further study to investigate the use of liming, as it may have
some promise, as well as focusing on methods to reduce predation in the inner
estuary to make migration more hospitable, and reduce the mortality experienced
in this zone.
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Tables
Table 3.1. Summary of generalized linear model (Gamma distribution with inverse
link) for time (days/km) to traverse the freshwater falls (pseudo-r2=0.076).
Coefficients
Estimate Standard
t value
Pr(>|t|)
Lower
Upper
Error
Confidence Confidence
Interval
Interval
Intercept
7.170
5.400
1.328
0.189
-3.856
17.240
Location (lWR)
-0.552
0.661
-0.836
0.407
-1.982
0.632
Activity and Food -0.192
0.363
-0.529
0.599
-0.840
0.593
Motivation
Willingness to
-0.109
0.239
-0.456
0.650
-0.607
0.338
Explore
Shelter Use
0.082
0.228
0.361
0.719
-0.344
0.557
Anti-predator
0.269
0.357
0.754
0.454
-0.386
1.019
Response
Foraging
-0.321
0.240
-1.334
0.188
-0.795
0.160
Flexibility
Fork length
-0.184
0.205
-0.898
0.373
-0.575
0.228
Fish Condition
-0.254
3.623
-0.070
0.944
-6.968
7.183
*Significant at the 10% level.
Table 3.2. Summary of generalized linear model (Gamma distribution with inverse
link) for time (days/km) spent in the inner estuary (pseudo-r2=0.335).
Coefficients
Estimate
Standard
t value
Pr(>|t|)
Lower
Upper
Error
Confidence Confidence
Interval
Interval
Intercept
-0.645
0.999
-0.646
0.5211
-2.750
1.148
Location (lWR) 0.137
0.086
1.586
0.1184
-0.042
0.299
Activity and
-0.063
0.035
-1.800
0.0773* -0.130
0.010
Food
Motivation
Willingness to
0.089
0.046
1.925
0.0594* -0.004
0.180
Explore
Shelter Use
-0.053
0.043
-1.230
0.2241
-0.137
0.033
Anti-predator
0.143
0.075
1.899
0.0628* 0.009
0.303
Response
Fork length
0.087
0.044
1.948
0.0566* 0.003
0.178
Fish Condition
-0.753
0.583
-1.293
0.2014
-1.815
0.447
*Significant at the 10% level.
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Table 3.3. Summary of generalized linear model (Gamma distribution with inverse
link) for time spent (days/km) in the outer estuary (pseudo-r2=0.998).
Coefficients
Estimate
Standard
t value
Pr(>|t|)
Lower
Upper
Error
Confidence Confidence
Interval
Interval
Intercept
38.479
33.418
1.151
0.265
-23.348
113.079
Location
1.614
4.231
0.382
0.707
-7.162
9.625
(lWR)
Activity and
-2.012
1.980
-1.016
0.323
-5.791
2.399
Food
Motivation
Willingness to 1.391
2.134
0.652
0.523
-3.059
5.678
Explore
Shelter Use
0.803
1.614
0.497
0.625
-1.812
4.846
Anti-predator
-2.730
1.493
-1.829
0.084*
-5.845
0.136
Response
Fork length
-1.158
1.802
-0.641
0.529
-5.066
2.319
Fish Condition -8.286
22.256
-0.372
0.714
-48.754
39.167
*Significant at the 10% level.

Table 3.4. Summary of generalized linear model (Gamma distribution with inverse
link) for total residency time (days/km) from time of release to last detection in the
outer estuary (pseudo-r2=0.172).
Coefficients
Estimate
Standard
t value
Pr(>|t|)
Lower
Upper
Error
Confidence Confidence
Interval
Interval
Intercept
0.178
0.857
0.208
0.838
-1.497
1.870
Location
0.103
0.097
1.062
0.303
-0.092
0.290
(lWR)
Activity and
-0.020
0.067
-0.302
0.766
-0.147
0.116
Food
Motivation
Willingness to 0.0164
0.041
0.396
0.697
-0.067
0.096
Explore
Shelter Use
0.023
0.036
0.634
0.534
-0.046
0.095
Anti-predator
0.072
0.045
1.600
0.128
-0.014
0.162
Response
Foraging
0.022
0.042
0.529
0.604
-0.058
0.108
Flexibility
Fork length
0.003
0.041
0.076
0.940
-0.079
0.082
Fish Condition 0.149
0.484
0.309
0.761
-0.796
1.106
*Significant at the 10% level.
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Table 3.5. Summary of zero-inflated negative binomial model for the number of
reversal behaviours performed. (pseudo-r2=0.088).
Count model coefficients (negbin with log link)
Estimate
Standard
z value
Pr (>|z|) Lower
Error
Confidence
Interval
Intercept
0.477
3.112
0.153
0.878
-5.623
Location
0.542
0.390
1.392
0.164
-0.221
(lWR)
Activity and
-0.279
0.279
-1.000
0.317
-0.825
Food
Motivation
Willingness
-0.110
0.142
-0.778
0.437
-0.389
to Explore
Shelter Use
0.0640
0.112
0.573
0.567
-0.155
Anti-predator 0.033
0.152
0.218
0.828
-0.266
Response
Foraging
-0.238
0.197
-1.206
0.228
-0.624
Flexibility
Fork Length
0.084
0.168
0.501
0.617
-0.245
Fish
0.372
1.616
0.230
0.818
-2.794
Condition
Log(theta)
1.996
0.782
2.553
0.011
Zero-inflation model coefficients (binomial with logit link)
Estimate
Standard
z value
Pr (>|z|) Lower
Error
Confidence
Interval
Intercept
-13.217
7.300
-1.810
0.070*
-27.525
Location
0.5759
0.715
0.805
0.421
-0.826
(lWR)
Activity and
0.317
0.444
0.713
0.476
-0.554
Food
Motivation
Willingness to 0.279
0.293
0.951
0.342
-0.296
Explore
Shelter Use
0.176
0.258
0.681
0.496
-0.330
Anti-predator
0.371
0.365
1.018
0.310
-0.344
Response
Foraging
0.209
0.293
0.712
0.476
-0.365
Flexibility
Fork Length
0.496
0.283
1.752
0.080*
-0.059
Fish Condition 2.400
4.152
0.578
0.564
-5.740
* Significant at the 10% level. Bold values significant at the 5% level.
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Upper
Confidence
Interval
6.576
1.306
0.268
0.168
0.283
0.332
0.148
0.413
3.539

Upper
Confidence
Interval
1.090
1.978
1.187
0.853
0.681
1.086
0.782
1.051
10.535

Table 3.6. Summary of CJS model indicated probability of survival and recapture
in each habitat.
Phi (Probability of Survival)
Time
Occasion
Estimate
Standard
Lower
Upper
Error
Confidence
Confidence
Interval
Interval
1
1
0.999
0.000
9.999e-01
0.999
8.6
2
0.918
0.030
8.378e-01
0.960
9.85
3
0.794
0.038
7.089e-01
0.859
12.11
4
0.930
0.029
8.463e-01
0.969
15.04
5
0.985
0.012
9.283e-01
0.997
21.58
6
1.000
0.000
1.000e+00
1.000
27.57
7
0.990
0.188
1.849e-15
1.000
p (Probability of Recapture)
Time
Occ
Estimate
SE
Lower
Upper
Confidence
Confidence
Interval
Interval
1
2
0.986
0.014
9.042e-01
0.998
8.6
3
0.999
0.000
3.150e-119
1.000
9.85
4
0.897
0.057
7.240e-01
0.966
12.11
5
0.808
0.077
6.130e-01
0.918
15.04
6
0.704
0.093
4.977e-01
0.851
21.58
7
0.815
0.083
6.002e-01
0.929
27.57
8
0.448
2.590
9.873e-10
1.000
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Table 3.7. Summary of all CJS models created, ranked by AIC and model
weighting.
Model
npar
AIC
DeltaAIC Weight
Neg2lnl
Phi(~Time)p(~Time)
14
352.096 0.000
9.748e-01 324.096
Phi(~Fork length *
21
361.413 9.317
9.243e-03 315.819
Time *
Location)p(~Time)
Phi(~Time *
21
362.404 10.308
5.683e-03 320.404
Location)p(~Time)
Phi(~Willingness to
21
363.200 11.103
3.817e-03 321.200
Explore*
Time)p(~Time)
Phi(~Anti-predator
21
363.339 11.243
3.560e-03 321.339
Response *
Time)p(~Time)
Phi(~Activity and
21
364.812 12.716
1.705e-03 322.812
Food Motivation*
Time)p(~Time)
Phi(~Shelter Use *
21
365.535 13.439
1.187e-03 323.535
Time)p(~Time)
Phi(~Fork length *
21
367.661 15.56
4.103e-04 325.661
Time)p(~Time)
Phi(~Fish Condition * 35
37.108
25.01
3.645e-06 307.108
time*Location)p(~Ti
me)
Phi(~Foraging
35
377.402 25.306
3.146e-06 307.402
Flexibility* Time *
Location)p(~Time)
Phi(~Foraging
21
380.750 28.654
5.898e-07 338.750
Flexibility *
Time)p(~Time)
Phi(~Activity and
35
383.862 31.766
1.245e-07 313.862
Food Motivation*
Time *
Location)p(~Time)
Phi(~Shelter Use *
35
384.633 32.537
8.464e-08 314.633
Time *
Location)p(~Time)
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Convergence
0
0
0
0
0
0
0
0
0
0
0
0

0

Table 3.7. Continued
Phi(~Anti-predator
Response* Time *
location)p(~Time)
Phi(~Willingness to
Explore* Time *
Location)p(~Time)
Phi(~1)p(~Time)
Phi(~Location)p(~Tim
e)
Phi(~Fork
length)p(~Time)
Phi(~Fish
Condition)p(~Time)
Phi(~Anti-predator
Response *
Location)p(~Time)
Phi(~Activity and
Food Motivation *
Location)p(~Time)
Phi(~Shelter Use *
Location)p(~Time)
Phi(~Foraging
Flexibility *
Location)p(~Time)
Phi(~Willingness to
Explore*
Location)p(~Time)
Phi(~ Fork length *
Location + Activity
and Food Motivation
* Location +
Willingness to
Explore * Location +
Shelter Use *
Location + Antipredator Response *
Location + Foraging
Flexibility*
Location)p(~Time)

35

389.820

37.724

6.327e-09

319.820

0

35

423.255

71.158

3.475e-16

353.255

0

8
9

429.371
429.735

77.274
77.639

1.633e-17
1.361e-17

413.371
411.735

0
0

9

430.836

78.740

7.849e-18

412.836

0

11

431.009

78.912

7.198e-18

409.009

0

11

431.235

79.139

6.428e-18

409.235

0

11

431.825

79.729

4.786e-18

409.825

0

11

432.238

80.142

3.893e-18

410.238

0

11

433.383

81.287

2.196e-18

411.383

0

11

433.644

81.548

1.927e-18

411.644

0

21

503.475

151.379

1.322e-33

461.475

0
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Figures

Figure 3.1. Map of study site in West Sheet Harbour, Nova Scotia. Displayed are
the acoustic receivers deployed throughout the migration path of smolts in the
freshwater and estuary habitat of West River leading out to the ocean.
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Fish ID

lWR−16159
lWR−16150
lWR−16149
lWR−16148
lWR−16147
lWR−16146
lWR−16145
lWR−14541
lWR−14540
lWR−14539
lWR−14538
lWR−14537
lWR−14536
lWR−14221
lWR−14220
lWR−14219
lWR−14218
lWR−14217
lWR−14216
lWR−14215
lWR−14214
lWR−14213
lWR−14212
lWR−14210
lWR−14206
lWR−14204
lWR−14203
lWR−14202
lWR−14201
lWR−14200
lWR−14199
lWR−14198
lWR−14197
lWR−14196
lWR−14195
lWR−14193
lWR−14192
lWR−14191
lWR−14190
lWR−14189
lWR−14188
lWR−14187
lWR−14183
lWR−14182
lWR−14181
lWR−14180
lWR−14179
lWR−14178
lWR−14177
lWR−14176
lWR−14175
lWR−14172
aLR−16158
aLR−16157
aLR−16156
aLR−16155
aLR−16154
aLR−16153
aLR−16152
aLR−16151
aLR−14211
aLR−14209
aLR−14208
aLR−14207
aLR−14186
aLR−14185
aLR−14184
aLR−14174
aLR−14173

Habitat
FW
IE
ME
E
O

River
aLR
lWR

May 9

May 19

May 29

June 8

June 18

Date

Figure 3.2. Summary of detections for each smolt (identified by Fish ID) and date
in 2019. Circles identify smolts from aLR (acidified Little River), and triangles
indicate smolts from lWR (limed West River). Habitats are as follows: “FW”
denotes detections freshwater habitat, “IE” denotes inner estuary, “ME” denotes
mid-estuary, “E” denotes outer estuary, and “O” denotes ocean habitat. Sixty-nine
of 71 smolts were detected, and the remaining 2 most likely died, possibly as the
result of tagging and/or handling-related mortality.
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Time in inner estuary (days/km)

Time to traverse freshwater falls (days/km)

2.5

1.5

1.0
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0.5
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lWR, n=51
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lWR, n=47

Location

(c)

(d)
2.0

Total residency time (days/km)

Time in outer estuary (days/km)
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1

1.5

1.0

0.5

0
aLR, n=6

lWR, n=20

aLR, n=6

Location

lWR, n=20

Location

Figure 3.3. Differences in standardized residency time (in days/km) between aLR
(acidified Little River) and lWR (limed West River). (a) time to traverse the
freshwater falls, (b) time spent in the inner estuary, and (c) time spent in the outer
estuary, and (d) total residency time (time of release to last detection in outer
estuary). Least-square means plotted, and error bars represent standard error. Note:
no significant effect of treatment was found to influence residency time.
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(a)
30

Number of Smolts

20

Performed Reversal
Did Not Perform Reversal

10

0
aLR

lWR

Location

(b)
6

Number of Smolts

4

Location
aLR
lWR

2

0
0

5

10

Number of Reversals Performed

Figure 3.4. The likelihood (a) of reversals performed for aLR, the acidified Little
River, and lWR, the limed West River and (b) the distribution of reversal
behaviours performed in both aLR and lWR. Note: no significant effect of
treatment was found to influence reversal behaviours.
130

1.00
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0.85
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Apparent Survival Per km +/− Standard Error
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Migration Segment

Figure 3.5. Apparent survival per km of smolts from both limed West River and
acidified Little River combined. Survival significantly declines in the inner
estuary. The vertical dotted line represents the head-of-tide. Error bars demonstrate
standard error. Location “1” denotes freshwater, “2” denotes inner estuary before
the head-of-tide, “3” denotes inner estuary after the head-of-tide, “4” denotes midestuary, “5” denotes outer estuary, and “6” and “7” denote ocean.
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CHAPTER 4
General Discussion

Behaviour and biotelemetry for conservation management practices
The acidification of freshwaters has left a legacy of impacts on the ecosystems and
aquatic life in some areas (Watt, 1986). Specifically, within Canada, the
acidification of freshwaters in Nova Scotia, has affected the health of Atlantic
Salmon populations, an endangered, but ecologically, economically, and culturally
significant species (COSEWIC, 2010). A crucial step toward recovering the
impacts of acidification in North America was the enactment of the Clean Air Act
legislation of 1990, which was aimed at reducing emissions of acid-causing
pollution (Simon & Alm, 1995). Since the introduction of this legislation,
emissions of sulfur and nitrogen oxides began to decline by as much as 40%
(Likens, Butler, & Buso, 2001). Despite the reduction of acid-causing pollution,
rivers have not recovered (Watt et al., 2000; Sterling et al., 2020). A more
immediate and robust method is liming, which involves depositing base cations
into forests and streams to buffer the acidity and raise pH to a suitable level of
about 5.5 or higher, making the habitat more hospitable for Atlantic Salmon
(Salmo salar) (Clair & Hindar, 2005). However, it remained unknown to what
extent liming could restore the underlying behavioural types of Atlantic Salmon,
and to what extent these projects restore adaptive migration behaviours and
migration success. We sought to discern the behavioural types of smolts from two
river treatments (one acidified and one lime-treated), and further investigated their
association with migration movements and survival of a subset of these smolts. We
132

found that smolts could be described by one of four behavioural types: (1) Activity
and Food Motivation, (2) Willingness to Explore, (3) Shelter Use, and (4) Antipredator Response. We also discerned a behavioural trait, referred to as Foraging
Flexibility. Overall, we found no strong evidence that liming efforts have an effect
on smolt behaviours, migration, and migration survival. Specifically, behavioural
metrics were not universally affected by the liming treatment: only smolts that
were more active and food motivated were most likely to be from the acidified
river. We interpret this behaviour to be maladaptive, considering high activity and
foraging behaviours in daytime conditions can increase conspicuousness and
exposure to visual predators (Sancho, Petersen, & Lobel, 2000; Klaminder et al.,
2014). Through biotelemetry analysis, we found that smolts from each river did
not differ in their residency time, reversal behaviours, nor apparent survival.
However, we found that Activity and Food Motivation had a marginal significance
in the inner estuary, whereby those fish exhibiting more activity and food
motivation spent longer within this habitat; a habitat in which smolts experienced
increased mortality. We suggest that high activity and food motivation within this
habitat to be maladaptive, as the inner estuary has high predator densities, which
may explain the increased mortality within this zone. Given the universal
importance of activity and foraging behaviours on the health and survival of fish
(Mittelbach et al., 2014; Werner & Anholt, 1993), we believe the underlying
behavioural traits of migrating smolts may influence migration success and
survival, necessitating further research. Liming may be effective as a conservation
method, and we discuss this and other more targeted conservation methods below.
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Investigating animal behaviour for conservation purposes allows
researchers to further characterize how animals respond to anthropogenic changes
to the environment, which can ultimately guide conservation efforts towards
broad-scale biodiversity management across many different species (Tobias &
Pigot, 2019). Behaviour is the first line of defense for animals in response to rapid
ecological change (Wong & Candolin, 2015). When the environment changes
(such as the acidification of freshwaters), the fitness value of current behavioural
strategies of individuals can change in tandem (Berger-Tal et al., 2011). If the
environment is driving individuals to express less adaptive behavioural responses,
populations may eventually decline, as individuals may not be able to quickly
acclimate or adapt to changing conditions (Norris, 2004; Beever et al., 2017).
Investigating the expression of behaviour when an animal is introduced to or
placed within a novel context, such as the behaviour trial arena used within this
study, allowed us to determine whether liming can restore the expression of more
adaptive behavioural responses, as smolts are expected to encounter novelty (i.e.
habitat, predators and food) along their migration route. When assessing
behavioural traits of animals, it is important to note that some degree of learning
can take place throughout repeated assays. By assessing immediate behavioural
responses and determining within-individual consistency and inter-individual
variation among behaviours (i.e., behavioural types), results can be indicative of
how individuals may respond to the novel environments, foods, and predators
experienced during migration. This behaviour-based investigation is further
advanced when combined with the use of biotelemetry, which adds more
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information from a large-scale perspective, highlighting migration timing,
movement patterns, and survival (Crossin et al., 2017). Biotelemetry can reveal
how behaviours assessed independently influence these migration metrics, and
ultimately, survival. The combination of behaviour and biotelemetry allowed for a
more mechanistic approach to the understanding of Atlantic Salmon behaviour and
allows for a more enhanced assessment of conservation practices. Behaviour has
been widely used as an indicator of whether the environment is influencing the
behaviours of individuals, and in turn, populations, as well as an indication of
whether current conservation practices are truly restoring what they set out to
before any large-scale ecosystem-level response is revealed (Searle, Hobbs &
Gordon, 2007; van Gils et al., 2009; Berger-Tal et al., 2011). Furthermore,
discerning the behavioural types of individuals within populations will reveal the
diversity of behavioural types within populations, and will facilitate the
management of phenotypic variation within populations, a method that allows
populations of species to persist through extensive ecological change (Conrad et
al., 2011; Watters, Lema & Nevitt, 2003). As implemented in our study, it is
valuable to use behavioural metrics to understand how the environment is shaping
the adaptiveness of behavioural responses of individuals (and between
populations), which can ultimately guide the direction of conservation efforts.
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Limitations and future directions
While we believe our approach can be implemented more broadly and be applied
to many different river systems with a diverse history of acidification profiles and
on other species, our study does have limitations. First, we only investigated two
river treatments, which share the same acidification history, and with low sample
sizes from one river, which limited the statistical power of our analysis. However,
at present, the West River is the only location in eastern Canada presently
undergoing large-scale acid-mitigation, and the Little River site is the most
comparable control site such samples could be considered “paired” (i.e., closely
matched in genetic history and environmental habitat features) and where fish must
migrate through a common lower river, estuary and marine nearshore environment.
While the evaluation of the effects of liming on water chemistry and wild salmon
production is ongoing (E. Halfyard, Nova Scotia Salmon Association, Pers.
Comm.), there are three considerations that relate to the expected environmental
conditions experienced by smolts at each of these two sites. First, smolts sampled
from these sites represent a mixture of fish raised from all habitats upstream from
these traps. Water chemistry in these habitats is variable, and most importantly, the
effect of liming varies with proximity to the lime dosers or, in the case of
tributaries, water chemistry is not influenced by liming efforts at all and these
habitats remain acidified. It is unclear where most salmon smolt production occurs,
although it is expected that most salmon production originates from areas with
improved water quality. Areas not subject to liming remain acidified with water
chemistry below thresholds thought to be conducive to salmon survival in Nova

136

Scotia (e.g., Watt et al., 1983) with highly acidified tributaries thought to have
minimal production. However, it is possible that an unknown portion of the smolts
sampled at the lWR site originated from areas with persistent acidification and,
thus, these fish would have been reared in conditions more comparable to the aLR.
Second, the water chemistry experienced by smolts captured at the lWR
site has been influenced by additive components of the acid rain mitigation project.
For example, the first lime doser was installed in Fall 2005 and has been treating
the main branch of the West River but not the Killag River – the largest tributary.
A second lime doser began operation by March 2018 at the headwaters of the
Killag River and treated all salmon rearing habitat within this sub-catchment and
also further improved water chemistry below the confluence of this tributary and
the main West River. The Killag River was producing wild smolts prior to the
installation of the Killag Lime doser as conditions were acidified but not not so
severe as to produce 100% mortality. Scale analyses suggest that >80% of smolts
within the West River watershed are primarily two-year-old fish (E. Halfyard,
Nova Scotia Salmon Association, Pers. Comm.), thus considering the variable
timing or liming activities, suggests that smolts captured in spring 2019 would
have been hatched in spring 2017, prior to the installation of the second lime doser.
To that end, it is possible that acidification impacts persisted in the West River
fish, leading to a dampened contrast between the two sample sites. Further, it may
explain the large natural variability that we observed. These large inter-individual
differences could have contributed to swamping out inherently labile behavioural
responses and subsequent migration movements that a larger sample size could

137

accommodate; a considerable challenge for conversation studies such as ours to
address (Mapstone et al., 1995).
Third, the Little River site acts as a control and is not the subject of liming
activities. However, conditions at this site were naturally less-acidified relative to
the remaining watershed prior to liming activities, decreasing the dissimilarities in
natural conditions between control and treatment sites. Further, conditions within
the limed West River are at levels thought to be conducive to salmon survival in
freshwater (e.g., Watt et al., 1987; Watt, 1986), however these same conditions
remain at pH and aluminum levels that previous behavioural studies have
considered to impact behaviour (Leduc et al., 2008; 2013). If conditions in both the
limed and unlimed site remain at levels that impact behaviourial traits of salmon, it
may account for the lack of differentiation between the two sites.
Lastly, our behaviour assays were limited to day-time conditions, and while
these responses were still telling of behavioural types, much of juvenile salmon
migration movements happen during the night (Ibbotson et al., 2006), which may
bring some level of disconnect between the behaviour and subsequent movement
analysis (but were effective in revealing potentially maladaptive day-time
behaviours). Taken together, these drawbacks may limit the broad generalization
of our findings. Despite these issues, we were still able to demonstrate differences
in behaviours and behaviour-dependent movements at both the 5% and 10% level
(with accompanying confidence intervals, model fits, and with k-fold cross
validation), which when combined, allow researchers to take into consideration the
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statistical power and naturally skewed sample size of our study when reporting or
comparing our findings.
Additionally, there are some limitations to biotelemetry as a tool of
migration investigations, although our study takes these into consideration. For
example, it is imperative that capture method and tag surgical implantation are
geared towards specific species as well as the overall goal of the study to ensure
fish are not harmed (Winter, 1983). We addressed these issues by ensuring traps
were catching smolts without causing injuries, and the swift removal of smolts
each morning to reduce any harm caused by other fish captured. Further, only
smolts with fork lengths above 15cm were acoustically tagged, which may bias the
results of biotelemetry analysis, but was necessary to ensure healthy recovery as
well as successful biotelemetry investigation (Lacroix, 2004). Furthermore, while
acoustic telemetry provides for immense cooperation between researchers, as
passive receivers can be deployed in estuaries and marine areas which can track a
variety of study species, this may bring false detections within datasets as species
outside one’s investigation can be detected. Considering these caveats, it is
important for researchers to remove false detections to ensure data integrity. We
ensured data integrity by removing false detections (such as invalid tag IDs or
those not from our study, as well sequential detections in distant habitats within
short time periods that would be biologically impossible). Lastly, passive receiver
arrays, while useful, have differing detection efficiencies based on space and time,
which can provide biases in detection data (Kessel et al., 2014). In addition to the
proper calibration and testing of acoustic telemetry technology as well as the most
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logical physical set-up of arrays, mark-recapture models which account for
imperfect detections should be considered for analysis, which we accounted for by
building Cormack-Jolly-Seber models to analyze survival (Cormack, 1964; Jolly,
1965; Seber, 1965). Although the independent behaviour investigations and
subsequent use of acoustic telemetry provided for a mechanistic approach to
understanding the migration behaviour of Atlantic Salmon, there are some areas
for advancement in study design, which we discuss below.
As stated earlier, a similar study should be applied on a diversity of species
reared in a variety of acidified and mitigated rivers. To further enhance the
characterization of the energetic stress fish undergo in response to ecological
change, investigations can incorporate respirometry, aerobic scope, and
physiological metabolite assessments (such as lactate and glucose), which can
further elucidate activity behaviours and subsequent movement. Additionally, noninvasive (or in the case of those that died post-spawning, invasive) isotopic
analysis can provide information on diet and the habitat selection of individuals, as
different geographic regions will have distinct isotopic signatures (Hussey et al.,
2011; Hobson & Wassenaar, 2018). Tissues from adult salmon that return to
freshwater rivers for spawning can be sampled, and isotopic signatures analyzed to
further discern differences in diet and habitat selection between salmon from
acidified versus acid-mitigated rivers. Nonlethal tissue analysis can be used further
to determine the genetic structure of populations, which can aid in understanding
the influence of mitigation efforts at the genetic level and how these also relate to
fish movement (Hussey et al., 2015). The underlying behaviours discerned before
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migration (i.e., at the smolt stage), combined with movement patterns and habitat
selection (discerned through biotelemetry) can be further enhanced with
individual-specific biologging data to provide more insight on the long-term
behaviour, physiology, and movement of individuals from different river
treatments (Cook et al., 2012; Evans, Lea & Patterson, 2013). Implementing these
diverse approaches will allow researchers to further understand individual
differences in behaviour-dependent movement, which may be generalized at the
population level and can further guide large-scale species conservation projects
(Tobias & Pigot, 2019). Using advanced sensors and isotopic analysis to analyze
migration patterns may reveal more information on the health and survival of fish
populations, and when combined with underlying behavioural traits, can direct the
management of conservation projects towards more successful population
restoration.

Conclusion
Freshwater acidification has affected the health of Atlantic Salmon populations
(Kroglund & Finstad, 2003; Hesthagen & Hansen, 1991). To counteract this,
liming has been implemented in freshwater rivers throughout eastern Nova Scotia
with the goal of improving freshwater survival and production and maintaining
regional genetic diversity by preventing the loss of locally-adapted populations.
Based on our findings, we believe liming may also have some promise in terms of
restoring the adaptive behavioural types and subsequent migration of Atlantic
Salmon. Liming may indirectly restore the migration behaviour of Atlantic Salmon
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smolts, as Activity and Food Motivation (which differed between river treatments)
marginally influenced residency time in the inner estuary. To our knowledge, this
is the first study that aimed to assess the effectiveness of liming as a mitigation
effort on the behaviour-dependent movement of migrating smolts. Our study was
unique in that it applied both fine-scale and large-scale assessments; the underlying
behaviour of smolts (fine-scale) as well as the movement patterns and survival
discerned through biotelemetry (large-scale). Through investigating behaviour in a
novel context and subsequent migration in natal habitat, we were able to discern
the potential influence of liming on the migration health of Atlantic Salmon. We
believe this approach provides promising results and should be implemented when
assessing future mitigation efforts.
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APPENDICES
S1. Principal component analysis of behaviours observed during the acclimation
assay.
Acclimation Behaviours
Factor 1 Factor 2
Factor 3
Percent variance explained:
48.000
18.550
14.435
Eigenvalue
9.142
4.106
2.139
Frequency to Inflow
0.954
0.049
0.020
Latency to Mobile
-0.648
0.114
-0.115
% Total Mobility
0.968
0.014
0.037
% Combined Inflow Total Mobility
0.865
-0.025
-0.224
% Combined Outflow Total Mobility
0.716
-0.087
0.323
% Combined Inflow Centre Mobile
0.869
-0.031
-0.198
% Combined Inflow Peripheral Mobile
0.890
-0.066
-0.032
% Combined Outflow Peripheral Mobile
0.797
-0.002
-0.113
Combined Frequency Inflow Peripheral
0.887
-0.036
0.063
Combined Frequency Inflow Centre
0.920
-0.020
0.048
Combined Frequency Outflow Centre
0.949
0.087
-0.096
Combined Frequency Outflow Peripheral
0.801
0.169
-0.082
Shelter Yes/No
0.050
0.961
0.108
Frequency to Shelter
0.154
0.893
0.071
Latency to Shelter
0.032
-0.954
-0.143
% Shelter
-0.230
0.856
0.211
Latency to Outflow
-0.369
0.169
0.833
% Inflow
0.090
0.202
0.939
% Combined Outflow Centre Mobile
-0.103
-0.154
-0.917
Bold values indicate PCA loadings above the absolute value of 0.55.
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S2. Principal component analysis of behaviours observed during the first feeding
assay.
Foraging Behaviours
Factor 1 Factor 2 Factor 3
Percent variance explained
48.447
25.478
14.283
Eigenvalue
6.430
3.643
1.393
Frequency to Approach Food
0.832
-0.086
-0.134
Frequency to Outflow
0.908
0.050
-0.031
Latency to Mobile
-0.886
0.100
-0.070
Latency to Approach Food
-0.886
0.082
0.115
% Mobility
0.976
-0.069
-0.068
Combined % Total Mobility Inflow
0.970
-0.0680
-0.064
Combined % Total Mobility Outflow 0.913
-0.105
-0.004
Outflow Prior
-0.117
0.916
-0.083
Latency to Inflow
-0.309
0.915
-0.140
Latency to Outflow
-0.561
-0.788
0.147
% Inflow
0.129
-0.949
0.165
Shelter Yes/No
-0.034
-0.170
0.951
% Shelter
-0.207
-0.193
0.912
Bold values indicate PCA loadings above the absolute value of 0.55.
S3. Principal component analysis of behaviours observed during the predator
encounter assay. Factor 5 was retained as it contained factors that were not
explained in any other factor and necessitated further analysis.
Predator Response Behaviours
Factor 1 Factor 2 Factor 3 Factor 4
Percent variance explained:
30.507
19.605
16.161
10.357
Eigenvalue
5.691
3.462
1.871
1.479
Frequency to Shelter
0.974
-0.144
-0.065
-0.058
Shelter Yes/No
0.974
-0.144
-0.065
-0.058
Latency to Shelter
-0.963
0.162
0.124
0.067
% Shelter
0.913
-0.169
-0.195
-0.072
Outflow Prior
-0.248
0.713
-0.126
-0.098
Latency to Inflow
-0.052
0.850
-0.160
0.052
% Inflow
0.176
-0.935
-0.027
0.004
Combined % Immobile Outflow
-0.163
0.914
-0.071
-0.118
Centre
Frequency to enter Outflow
-0.046
-0.064
-0.891
0.025
%Total Mobility
-0.131
-0.188
0.869
0.076
Combined % Inflow Total Mobility
-0.206
-0.047
0.863
0.024
Peripheral Prior
-0.062
-0.028
0.307
0.842
Latency to Centre
-0.158
-0.110
-0.148
0.899
Ordinal Response
0.017
0.141
-0.249
0.223
Latency to Resume Behaviour
0.245
-0.073
-0.016
0.194
Bold values indicate PCA loadings above the absolute value of 0.55.
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Factor 5
8.629
1.137
0.081
0.081
-0.058
0.016
-0.059
-0.145
0.027
-0.032
-0.004
0.068
0.178
-0.043
0.029
-0.770
0.836

S4. Principal component analysis of behaviours observed during the second
feeding assay.
Foraging Behaviours
Factor 1 Factor 2 Factor 3
Percent variance explained:
36.008
33.857
17.694
Eigenvalue
6.940
5.822
2.124
Frequency to approach food
0.837
-0.005
-0.029
Frequency to Inflow
0.879
0.256
-0.071
Latency to Mobile
-0.836
0.120
0.065
Latency to Approach Food
-0.846
0.027
0.048
% Total Mobility
0.954
0.054
-0.160
Combined % Mobile Inflow
0.906
0.065
-0.181
Combined % Mobile Outflow
0.884
-0.008
-0.102
Combined % Immobile Inflow
-0.556
0.721
0.265
Inflow prior
0.013
0.936
0.057
Outflow prior
-0.013
-0.936
-0.057
Latency to Inflow
-0.211
-0.915
-0.177
Latency to Outflow
-0.460
0.842
0.136
% Inflow
0.082
0.940
0.207
Combined % Immobile Outflow
-0.263
-0.920
-0.185
Shelter Yes/No
-0.070
0.198
0.950
% Shelter
-0.190
0.197
0.954
Bold values indicate PCA loadings above the absolute value of 0.55.

S5. Foraging Flexibility PCA scores.
Assay Response
PC1: Foraging Flexibility
Percent variance explained:
57.519
Eigenvalue
2.301
Change in Latency to Feed
0.589
Change in Frequency to Outflow
0.658
Change in Frequency to Feed
0.578
Change in Percentage in Outflow
0.476
Bold values indicate PCA loadings above the absolute value of 0.55.

149

VITA AUCTORIS

NAME:

Omar Salem Taboun

PLACE OF BIRTH:

Windsor, ON

YEAR OF BIRTH:

1997

EDUCATION:

Honourable W. C. Kennedy Collegiate Institute,
Windsor, ON, 2015
University of Windsor, B.Sc., Windsor, ON,
2019

150

